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EPIGRAPH 
“These rocks will break your heart.” 
-Dr. David Malone, Beartooth Mountains, May 2001 
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ABSTRACT 
 Geothermobarometry, mineral compositions and textures, and thermodynamic 
models suggest biotite dehydration melting occurred in the peraluminous rocks of the 
eastern Beartooth Mountains.  These Archean metapelitic migmatites are metatexites and 
diatexites, and have typical metamorphic assemblages of Qtz + Pl + Kfs + Bt + Sil +/- 
Grt +/- Crd.  The subsequent in situ crystallization of the magma derived from the biotite 
dehydration created migmatitic leucosomes in the rocks.  These leucosomes are primarily 
composed of quartz, plagioclase and potassium feldspar.  Water derived from the 
dehydration of biotite was dissolved in the melted phase.  Crystallization of the magma 
reintroduced this water to the system, allowing reversal of the biotite dehydration melting 
reactions on the retrograde pressure/temperature path.  This rehydration event produced 
melanosomes, primarily composed of biotite, sillimanite and garnet.  The volumetric and 
conceptual significance of theses melanosomes suggest that retrograde processes are of 
major importance to the formation of textures in pelitic migmatites.     
 Geothermobarometry suggests that these rocks attained peak conditions of 795° 
+/- 42° C and 7.0 +/- 0.9 kbar.  The interpreted pressure/temperature path is isobaric 
heating above four kilobars to 795°.  At peak temperature, a nearly isothermal 
compression occurred, raising the pressure to seven kilobars.  This roughly 
counterclockwise (in P/T space) trajectory is consistent with a thermal event due to local 
emplacement of granitic plutons, subsidence due to magmatic thickening, and later uplift 
and unroofing.   
 vii
 Trace element heterogeneities in sillimanite, revealed by Scanning Electron 
Microscopy-Cathodoluminescence Imaging (SEM-CL), suggest multiple stages of 
growth and dissolution of this mineral throughout the metamorphic cycle.  The 
interpretation of these heterogeneities involves initial prograde production of sillimanite, 
and subsequent dissolution during the biotite dehydration melting reactions.  Further 
sillimanite and biotite is formed during retrograde metamorphism, and enriched in 
chromium by a late-stage hydration event. 
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INTRODUCTION 
Migmatites are generally in high-grade metamorphic terranes, and their bulk 
compositions, textures, and scale vary widely.  Generally, they are characterized by a 
juxtaposition of light-colored felsic domains and dark-colored domains of a more mafic 
composition (Mehnert 1968).  Any study of migmatites is inherently complicated by the 
somewhat nebulous definition of the requisite qualities of a migmatite.  While the name 
“migmatite” is often applied in a descriptive sense in the field, mere observation of a migmatite 
outcrop is seldom capable of providing a genetic interpretation.  It has been hypothesized that 
migmatites may form by a variety of mechanisms, including partial melting processes, and solid-
state processes such as metasomatism and metamorphic differentiation (Ashworth 1985).  
However, it is not always implicit that all of the components of migmatites formed 
simultaneously. 
Advances in the thermodynamics of metamorphic reactions have allowed researchers to 
place reaction boundaries for equilibrium migmatite mineral assemblages very precisely in 
pressure/temperature space.  This has lead to creation of petrogenetic grids for rocks of various 
specific compositions, which can be used to predict the reactions that may be encountered by a 
rock on a specific pressure/temperature trajectory.  Alternatively, these grids can be used to 
predict textures and assemblages that would be created by various pressure/temperatures paths.  
Spear et al. (1999) created a petrogenetic grid for metapelites with special emphasis on reactions 
that may induce partial melting at high temperatures.  This petrogenetic grid suggests different 
textures, structures, and mineral assemblages that may be created in pelitic anatectic migmatites 
under varying conditions and following different pressure-temperature paths.  By comparing the 
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hypothesized textures to those found in a given rock, it is possible to determine aspects of its 
metamorphic history. 
The metamorphic rocks of the eastern Beartooth Mountains (Fig. 1) provide an ideal 
setting to apply the petrogenetic grid of Spear et al (1999) to a natural environment.  The eastern 
Beartooth Mountains are composed primarily of Archean granitoids that contain a variety of 
inclusions of older metamorphosed lithologies.  Some of these inclusions are very small, and 
have been heavily altered by their incorporation in their granitic host.  Other inclusions, termed 
“megaxenoliths” are hundreds of meters across, and are composed of relatively coherent 
packages of metamorphosed, heterogeneous sediments, including quartzites, amphibolites, and 
ultramafic rocks.  Also, within the metasedimentary megaxenoliths, there are highly aluminous 
schists and gneisses (metapelites) that display textural features consistent with migmatite 
development by partial melting.  The petrogenetic grid of Spear et al. (1999) and other tools can 
be applied to the metapelites directly, and the other lithologies present can provide supporting 
evidence of the thermal and tectonic history of the megaxenoliths.  Additionally significant is the 
extreme age of some of the rocks in this area.  Geochronology of these rocks reveals them to 
contain some of the oldest material in North America, with detrital zircons as old as 4.0 Ga 
(Mueller et al 1998).    
The purpose of this study was to determine the nature of migmatization in the Archean 
aluminous schists and gneisses from the eastern Beartooth Mountains of Montana.  Specifically, 
the study goals were to determine the spatial relationship of these rocks with the other lithologies 
present, to test if in situ anatexis has occurred within the aluminous rocks, to examine 
mineralogical assemblages, reactions, and petrologic conditions that reflect this melting, and to 
interpret mineralogical and rock textures created by these processes and conditions. 
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Figure 1.  Map showing the extent of the Precambrian Wyoming province, the various sub-
provinces, and mountain ranges where Precambrian rocks are exposed.  The inset map shows the 
location relative to the United States.  Approximate boundaries of the sub-provinces are drawn in 
orange.  MMP = Montana Metasedimentary Province; BBMZ = Beartooth-Bighorn Magmatic 
Zone; WGP = Wyoming Greenstone Province; LB = Little Belt Mountains; TRM = Tobacco 
Root Mountains; RR = Ruby Range; BT = Beartooth Mountains; TR = Teton Range; BHM = 
Bighorn Mountains; WR = Wind River Range; GR = Granite Mountains; LR = Laramie Range; 
SM = Sierra Madre Mountains; LAC = Laramie anorthosite complex.  Modified from Snyder et 
al. (1988). 
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BACKGROUND 
DEFINING MIGMATITES 
The earliest examination, description and classification of migmatites dates to 19th 
century investigations of what were then referred to as “lit-par-lit gneisses” (reviewed by 
Ashworth 1985).  At the time, “lit-par-lit gneisses” were thought to have formed by sequential 
injection of granitic magma along the foliation planes of high-grade metamorphic rocks.  Most 
early studies of migmatites were primarily descriptive and generated a large and confusing 
nomenclature.  Finnish geologist J.J. Sederholm first introduced and defined the terms 
“migmatite”, “anatexis” and “ptygmatic” in a 1907 paper (in Sederholm 1967).  Later, K.R. 
Mehnert provided a systematic approach to the study of migmatites.  In his classic work of 1968, 
Mehnert demonstrated the difficulties in characterizing such inherently heterogeneous rocks.  
Mehnert defines a migmatite as:   
“A megascopically composite rock consisting of two or more petrographically different 
parts, one of which is the country rock generally in a more or less metamorphic stage, the 
other is of a pegmatitic, aplitic, granitic or generally plutonic appearance.” 
 
Although Mehnert’s definition of migmatites is essentially descriptive, he noted that it is difficult 
to provide any sort of definition or descriptive terminology devoid of genetic connotation.  
Indeed, despite Mehnert’s attempt to define migmatites in a purely descriptive manner, his 
definition has genetic overtones.  By describing a host rock that appears “in a…metamorphic 
stage”, his definition implies that the host rock in a migmatite is of metamorphic origin, which 
most petrologists consider to be an essential element of migmatites.  More problematic is 
Mehnert’s use of the terms “pegmatitic, aplitic granitic, or generally plutonic…” in his 
description of the presumed leucosome, the light-colored portion of migmatites.  In spite of the 
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inclusion of the “appearance” qualifier, there is a suggestion that one portion of a migmatite is 
likely of igneous origin.  
Mehnert’s definition provides the basis for the latest nomenclature on migmatites.  The 
Subcommission for the nomenclature of Metamorphic Rocks (SCMR), a branch of the IUGS 
Commission on the Systematics in Petrology, established a special Study Group to reexamine the 
nomenclature of migmatites and related rocks.  The Study Group (Wimmenauer and Bryhni 
2002), in their provisional recommendations to the SCMR produced the following revised 
definition of a migmatite:   
“A composite silicate rock, pervasively heterogeneous on a meso- to megascopic scale.  
It typically consists of darker and lighter parts.  The darker parts usually exhibit features 
of metamorphic rocks, while the lighter parts are of plutonic appearance.  Whenever 
minerals other than silicates and quartz are substantially involved, it should be explicitly 
mentioned.”   
 
Although this definition tries to accommodate the possible role of a purely solid state process 
such as granitization, anatexis (the partial melting of a rock) or magmatic injection is generally 
implied as an important process in the development of migmatites.  For migmatite-forming 
processes involving anatexis, a geologically-significant consideration is the spatial and temporal 
relation of the melt component.  In other words, after melting developed, how far did it move, 
and when did it move relative to the metamorphic host?  The structures developed in migmatites 
provide insights on these relations.   
MIGMATITE STRUCTURES AND TEXTURES 
There is a vast and varied terminology relating to the structures and textures found in 
migmatitic rocks.  Some of these terms are purely descriptive, some genetic, and others are 
descriptive terms with strong genetic connotations.  Through his work in the early 20th century, 
Sederholm developed a set of genetic terms relating to migmatite textures and structures based 
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on Greek root-words (Sederholm 1967).  However, as Mehnert (1968) points out, the relation of 
these Greek-inspired terms to geologic processes were tenuous at first and have been largely lost 
to the ages.   
One of the main distinctions of a migmatite is the heterogeneous distribution of the light 
and dark parts relative to the unchanged portion.  The “leucosome”, the lightest-colored part of a 
migmatite, and “melanosome”, the dark-colored part, are the key components of the rock created 
by the migmatization process.  Because they are “new” components of the rock, they are 
collectively termed the “neosome”.  Migmatization is not necessarily a pervasive process, and 
unmigmatized rock can be proximal to migmatized rock on the scale of centimeters (Ashworth 
1985).  This unmigmatized parent rock, known as the “paleosome”, is commonly darker in color.  
Another dark-colored component of a migmatite is the “restite”, defined by the Study Group as: 
“Remnant of a metamorphic rock from which a substantial amount of the more mobile 
components have been extracted without being replaced (Wimmenauer and Bryhni 
2001).”   
 
The volume or even the presence of the restite may be dependent on the degree of migmatization 
that has occurred.    
 There are a multitude of structural features associated with migmatites.  The most 
complete compilation of these was done by Mehnert (1968). Mehnert’s classic guide to 
migmatite structures is included as figures 2 and 3.  This diagram is relatively exhaustive, and is 
at least cited, if not displayed, in many migmatite-related publications (e.g. Ashworth 1985, 
Winter 2001).  Frequently, hybridized versions of these structures are found, which suggests that 
these structures exist as endmembers in multi-dimension continuum of possible migmatite 
structures.  Recently, the SCMR Study Group has reconsidered many of these terms for the  
 7
 
 
Figure 2.  Classic migmatite structures from Mehnert (1968).  1.  Agmatic (breccia) structure.  2.  
Diktyonitic structure.  3. Schollen (raft) structure.  4.  Phlebitic (vein) structure.  5.  Stromatic 
(layered) structure.  6.  Surreitic (dilation) structure.  Dark colored areas represent mafic 
melanosomes, while light colored areas represent felsic leucosomes.   
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Figure 3.   More migmatite structures from Mehnert (1968).  7.  Folded structure.  8.  Ptygmatic 
structure.  9.  Opthalmatic (augen) structure.  10.  Stictolithik (fleck) structure.  11.  Schlieren 
structure.  12. Nebulitic structure.  Dark colored areas represents mafic melanosomes, while light 
colored areas represents felsic leucosomes.   
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official nomenclature because they may be redundant, ambiguous, or archaic (Wimmenauer and 
Bryhni 2002).  The terms that may be discontinued include “diktyonitic”, “schollen”, 
“stromatic”, “surreitic”, “folded”, “opthalmatic”, and “stictolithik”.  While the SCMR excluded 
some terms whose utility is limited, they also excluded some terms that are still commonly used 
in the study of migmatites, and will likely remain in the scientific dialect.  However, the SCMR 
subcommission’s findings are provisional at this point, so some of these terms may be retained.  
 Since Mehnert’s structural classification, there are several other SCMR-approved terms 
that have been commonly applied to migmatites that have a more direct anatectic implication.  
Metatexis is defined as the “initial stage of anatexis where the parent rock (paleosome) has been 
partly split into a more mobile part (metatect), and non-mobilized (depleted) restite”.  Diatexis is 
an advanced state where the darker-colored minerals are also involved in melting and the melt is 
not removed from its place of origin.  There are more descriptive terms for migmatites that might 
be formed by these processes.  If migmatization has created a rock with obvious and discrete 
leucosomes, melanosomes, and mesosomes, it may be called a “metatexite”.  If migmatization 
has occurred to such a degree that the metamorphic paleosome has been largely disrupted, and 
the leucosomes and melanosomes are intimately combined in a nebulitic or schlieren texture, the 
rock is considered a “diatexite” (Ashworth 1985, Wimmenauer and Bryhni 2002).     
 Many of the types of migmatites have inherent implications for the spatial and temporal 
relations of the leucosomes with the host rocks.  Agmatites (or “brecciated” migmatites) exhibit 
extensive injections of coarse-grained granitic material into a mafic metamorphic country rock.  
The felsic injection sufficiently disrupts the host-rock to cause displacement or rotation of 
included blocks.  It also may interact chemically and/or thermally with the country rock.  The 
“diktyonitic” structure is similar to the agmatitic structure, but is assumed to include a larger 
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shear component.  If agmatization occurs to the point that the paleosome’s blocks cannot be 
conceptually re-fitted together, the rock could be described as having a “raft” or “schollen” 
structure (Mehnert 1968).  The clear implication of these types of textures is that the leucosomes 
were externally derived from some undetermined distance.  Further, the metamorphic host rocks 
are likely to be older by some undetermined amount of time.  In contrast, in migmatite types 
such as diatexites and metatexites, anatexis is generally considered locally generated and 
contemporaneously developed in the migmatite.   
An additional complicating factor is the possibility that deformation may accompany 
anatexis.  This may lead to layering and/or folding of the leucosome with the development of 
migmatites types such as “folded” and “stromatic” (Figs. 1 and 2).  Although the SCRM 
recommends that the term “stromatic” be discontinued, layered structures are some of the most 
common found in migmatites.  Anatexis during deformation also has significant tectonic 
implications in that a melt phase is mechanically weak and its presence can greatly enhance 
deformation (Hollister and Crawford 1986).  
GRANITIZATION IN THE BEARTOOTH MOUNTAINS 
During the early and middle 20th century, much thought in the geologic community was 
dedicated to the origin(s) of granitic rocks, also known colloquially as “the granite controversy”. 
Some of the first geoscientists recognized that there is a fundamental difference between the 
basic composition of continental and ocean crust.  The source of these large granitic masses was 
extensively disputed.  While early experiments showed that granitic compositions could be 
derived from fractionation of mantle-derived melts, this concept was refuted due to the non-
existence of huge volumes of basaltic/gabbroic rock that would have to be created along with the 
resultant granites, colloquially known as the “basalt problem”.   This led to the idea that the 
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effects of intense metasomatism of sedimentary rocks might form large granite bodies.  In the 
1950s, many geoscientists in the petrology community thought that large bodies of granitic rocks 
could be created by intense metasomatism of sedimentary rocks, a process called “granitization”.   
Arie Poldervaart and his students from Columbia University chose a field area in the 
Beartooth Mountains southwest of Red Lodge, Montana to investigate whether the granitic rocks 
exposed in the deep glacial valley were granitized from a sedimentary precursor.  Their purpose, 
as charged by Read (1952) was that “if granitization…cannot be proved in the field…it cannot 
be proved at all”.   The locality most thorougly investigated by Eckelmann and Poldervaart was 
the Quad Creek area along U.S. Highway 212 (The Beartooth Highway), the lower section of 
which is re-visited in this study.  The Quad Creek section was chosen because of its diverse 
collection of lithologies and extensive three-dimensional exposures created by the many road 
cuts, glacial erosion and large uplift of basement rock (Eckelmann and Poldervaart 1957).   
The mapping of Poldervaart and his students revealed vast expanses of mostly 
undifferentiated granite with both large and small inclusions of high-grade metasedimentary 
rocks (Casella 1967, Eckelmann and Poldervaart 1957).  Their initial conclusion was that the 
metamorphic rocks were the metamorphosed relics of a large sedimentary package that had been 
granitized into the massive granites that now encased the metamorphic inclusions (Eckelmann 
and Poldervaart 1957).  Eventually, a preponderance of geochemical and petrologic evidence in 
the 1960’s and 1970’s convinced most geoscientists to abandon the notion of widespread 
granitization as a mechanism for forming large granite batholiths (Emerson 1966), including the 
eastern Beartooth Mountains (Casella 1969).  Today, the metasedimentary rocks of the eastern 
Beartooths are interpreted to be heavily tectonized and metamorphosed inclusions or 
“megaxenoliths” within the much larger granitic body (Henry et al. 1982).   
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   Throughout their investigations, Eckelmann and Poldervaart classified many rocks in 
the Quad Creek area (and other localities in the eastern Beartooths) as migmatites, though their 
criteria for this classification is unusual:   
“Biotite migmatites and granitic gneisses differ only in the distribution of biotite.  In 
granitic gneisses, biotite is homogeneously distributed and produces foliation by its 
preferred orientation.  In banded biotite migmatites, biotite is concentrated in bands and 
streaks, continuous for several inches or several feet, and separated by paler 
quartzofeldspathic bands, steaks or lenses with or without accessory biotite.” 
 
As for the spatial occurrences of migmatites and gneisses, they found that: 
“Interdigitating tongues of granitic gneiss and migmatite in the boundary zone…grade 
into one another both across and along strike.  Tongues of granitic gneiss pinch out…and 
beyond their terminations small “islands” of granitic gneiss in migmatite are common.  
Tongues of migmatites pinch out…and swarms of skialiths in granitic gneiss are common 
beyond the terminations of the migmatite tongues.  Within tongues of migmatites thin 
lenses of granitic gneiss occur…, just as there are migmatite skialiths within tongues of 
granitic gneiss.”   
 
These observations and classifications suggest a complete continuum of lithologies between 
migmatites and gneisses in the eastern Beartooths.   
ANATEXIS OF METAPELITES 
This study of migmatites is confined primarily to rocks of an approximately pelitic 
composition.  Metamorphic rocks with shale or mudstone protoliths (metapelites) are perhaps the 
most thoroughly studied by metamorphic petrologists.  Their peraluminous bulk composition 
makes the wide variety mineralogical assemblages very responsive to pressure/temperature/fluid 
composition (P/T/X) changes.  The stable mineral assemblages that are found in pelitic rocks at 
various temperatures and pressures have been well characterized by field studies, 
geothermobarometry, and experiments.   
Though the solid-state metamorphic evolution of metapelites is well known, the melt 
reactions that occur in these rocks at high grades are not as well constrained.  Melting in pelitic 
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rocks is believed to occur by mechanisms that involve water as a catalyst for breaking silicate 
bonds.  Highly polar water molecules are able to pull electron density away from neighboring, 
less electronegative bonds.  Melting at the lowest possible temperature is achieved in pelitic 
rocks in systems that are water saturated.  In P/T space, this melting occurs at the “wet granite 
solidus” and will produce a minimum-melt granite (Winter 2001).  Because of the small amount 
of porosity in the rocks at this grade, significant amounts of this sort of melting implicitly require 
an external water source to ensure water-saturated conditions.  These conditions are difficult to 
achieve at deep crustal levels, so the contribution of water-saturated melting to the formation of 
migmatites in pelitic systems may be limited. 
  Water-catalyzed melting may also occur in pelites utilizing structural water liberated 
from hydrous minerals.  This melting mechanism is called “vapor-absent melting” or 
“dehydration melting”, because though water is necessary to the process, it is not saturated in the 
system (Spear et al. 1999).  In medium to high-grade metapelites, muscovite and biotite are the 
most common hydrous phases.   Muscovite will dehydrate at lower temperatures than biotite, and 
has been shown experimentally to generate melting in metapelites.  In their melting experiments, 
Pickering and Johnston (1998) found that muscovite is completely removed by 812° C at 10 
kbar.  At the point of muscovite exhaustion, potassium feldspar becomes a reactant in a biotite-
dehydration melting reaction.  While the muscovite dehydration produced only 1-2% melt, the 
biotite dehydration produced up to 32% melt between 812° and 975° C.  Pickering and Johnston 
suggest that the small decrease in volume associated with muscovite dehydration creates a 
microporosity in the rock, which may foster collection and mobilization of the magma.   
Biotite dehydration melting is considered to be the main mechanism for partial melting in 
high-grade terranes. (Waters 1988, Stuwe and Powell 1989, Pickering and Johnston 1998).  The 
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amount of hydroxl contained in biotite varies significantly from 1.6-5.2% by weight (Dyar et al. 
1993).  The amount of melt generated from a silicate rock is proportional to the amount of 
hydroxyl or water available, and will be a function of both modal biotite and the hydroxyl 
content of the biotite.  Additionally, cordierite, which can contain a variable amount of structural 
water (Carrington and Harley 1995), may contribute to or absorb ambient water in a rock at high 
grades.   
Patino Douce and Beard (1995) found that the presence of certain minor elements might 
strongly control the amounts of melt generated in migmatites, but pressure has little effect.  Their 
experiments indicated that the presence of titanium or fluorine in the system greatly enhance the 
stability of biotite, requiring higher temperatures to achieve comparable levels of melting.  This 
is due, in part, to a likely Ti-deprotonation substitution reaction that decreases the amount of 
hydroxyl in biotite with increasing titanium (Henry et al. in press).  After biotite is exhausted in 
Douce and Beard’s experiment, quartz, plagioclase and mafic residua remain stable to 
temperatures in excess of 1000°C.  This is in approximate agreement with the work of Stevens et 
al. (1997) that found that the chemical composition of the biotite in metapelites greatly affects its 
dehydration properties.  They found that while the presence of titanium in biotite does not alter 
the temperature of the solidus, it does extend the stability of biotite to higher temperatures.  
However, at medium pressures (0.5 GPa), the presence of sillimanite reduces the solidus 
temperature.  This suggests that peraluminous compositions will melt at lower temperatures than 
metaluminous rocks.   
 In terms of a pressure/temperature framework, a quantitative petrogenetic grid associated 
with the melting of metapelites was generated by Spear et al. (1999).  Their petrogenetic grid 
incorporates experimental studies, thermodynamic data and elemental partitioning relations 
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among minerals, placing reaction boundaries into pressure/temperature space (Fig. 4).  The 
reactions contained within the grid are not exhaustive—they are only those that would 
theoretically exist in a system consisting of only sodium, potassium, iron, magnesium, 
aluminum, silica, hydrogen and oxygen (NaKFMASH system).  The introduction of calcium into 
the model system will not produce new phases, but the inherent solid solution will make several 
reactions divariant. 
In developing the petrogenetic grid, Spear et al. (1999) made three critical assumptions: 
1. “…the only water available for melting is that derived from dehydration of 
hydrous silicates and that no water is added externally.” 
 
2. “…in the solidus region a vapor phase is present, but in vanishingly small 
quantities.  This assumption presumes that H2O is being continuously evolved 
during metamorphism by the progress of dehydration reactions, but that the 
porosity of the rock is small.  That is, all H2O evolved by dehydration leaves the 
rock.”    
 
3. “…once melting begins it is assumed that the rock is closed to the loss of H2O.  
That is, any H2O evolved by dehydration reactions in the presence of a melt 
phase…dissolves into the melt and remains in the rock as long as the liquid is not 
removed.”  
 
These assumptions are reasonable for closed system metapelites at midcrustal levels.  To make 
proper interpretations using this grid, the assumptions should be examined with respect to each 
natural situation.   
The petrogenetic grid is useful in many ways.  Given a known or a hypothesized 
pressure/temperature trajectory, it is possible to predict what reactions may be encountered 
during both prograde and retrograde metamorphism.  These reactions, and the order in which 
they occur, can be compared to textures and structures in the rock.  These structures could range 
from outcrop-scale features, down to grain boundary scale or even mineral compositional  
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Figure 4.  Petrogenetic grid for metapelites compiled by Spear et al. (1999).  Lines represent 
metamorphic reaction boundaries in pressure/temperature space for the NaKFMASH system.  
Solid lines are discontinuous reactions, and dotted or dashed lines represent garnet composition 
isopleths for continuous reactions.  Gold lines are solid-state dehydration reactions, red lines are 
dehydration melting reactions, and blue lines are the aluminosilicate polymorph boundaries.  
Invariant points are labeled “IP#”.  
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zonation.  Comparison of these textures with the predicted metamorphic reactions may serve as a 
test of a probable pressure/temperature trajectory. 
 Independent geothermobarometric methods are also useful in determining the evolution 
of metamorphic rocks in pressure/temperature space.  However, geothermobarometry generally 
provides a single point in P/T space that is assumed to be somewhere on the 
pressure/temperature pathway.  In the classical view, mass transport out of the system by melt 
migration, or removal of the hydrous fluids can prevent metamorphic reactions from reversing 
along the retrograde path.  In this case, peak assemblages and composition may be preserved 
(Brown 2002).  However, the removal of mass and/or volatiles is not always achieved.  In this 
case, the rock may contain partially or completely reset mineral assemblages and/or mineral 
compositions along the retrograde pathway.   
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GEOLOGIC SETTING 
PREVIOUS GEOLOGIC MAPPING AND SAMPLE COLLECTION 
 James (1946) published the first geologic map of the metasedimentary units in the eastern 
Beartooth Mountains near Red Lodge, Montana, (Fig. 5) as part of a strategic minerals survey 
related to chromite mining that occurred in the area during World War Two.  Although the map 
is highly detailed, exploring the metasedimentary units was not the focus.  James describes the 
mapping units present in terms typical of both the times and of the objective of the mapping: 
Monzonite Porphyry:   Buff-colored with large phenocrysts of orthoclase and 
plagioclase. 
 
Diabase:     Dark Colored; weathers to a rusty surface. 
  
Pegmatite:  Includes white varieties with albite and pink varieties with 
microcline. 
 
Granite:     Gray and pink, undifferentiated. 
 
Gabbro:  Dark, foliated, with considerable amounts of introduced 
potash feldspar. 
 
Serpentine:   Includes true serpentine and metamorphic equivalents.  
Host rock of chromite. 
 
Iron-Bearing Formation:   Mainly amphibolite; characterized by lenses of quartz-
garnet-magnetite rock. 
 
Quartzite:     Pure, coarsely crystalline, commonly greenish. 
 
Micaceous quartzite:   Contains 10-30 percent mica and disintegrates rapidly on 
weathering.   
 
Amphibolite:   Medium to fine-grained, moderately foliated hornblende-
plagioclase rocks. 
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Although James does not specifically map migmatitic or peraluminous units, the description of 
lithologies he presents is representative of the major rock units present in the area.  
 
Figure 5.   Map of the various regions of the Beartooth Mountains.  Hellroaring Plateau (HP),  
Quad Creek (QC) and Long Lake (LL) localities are shown. 
   
 In the 1950’s, Arie Poldervaart and his students from Columbia University extensively 
mapped much of the area, including the Quad Creek, Hellroaring Plateau, Line Creek, and 
Wyoming Creek areas (Eckelmann and Poldervaart 1957).  Their intent in mapping was to 
determine if granitization had occurred in the area forming the large granitic bodies that 
encapsulate the metamorphic lithologies.  Although the goals of their study may have biased 
some of their interpretations, the lithologic and structural information provided by their work is 
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useful, but the scale of their mapping did not identify the small, aluminous migmatites of this 
study.   
 Rowan’s (1969) map focuses on the structural relationships of the rocks in the Quad 
Creek, Line Creek and Wyoming Creek areas.  This map shows a north-south synform that 
exposes the rocks of the Quad Creek area, while a broader antiform has an axis that runs 
northeast to southwest through the Wyoming Creek area.  Also, Rowan’s interpretation exhibits 
greater continuity of the lithologic units than is seen in the maps of Eckelmann and Poldervaart 
(1957).   
 Henry et al. (1982) published a cross-section of metasedimentary lithologies exposed in 
the middle Quad Creek area along U.S. Route 212 (The Beartooth Highway).  The units include 
agmatitic amphibolite, granitic gneiss and migmatite, quartzite, and iron formation.  These units 
are exposed as thin, sub-parallel packages, often only a few meters wide.  Some packages are 
separated by conformable contacts, while heavily sheared zones bound others.  These structures 
are interpreted to be the result of extreme tectonic thinning and deformation in mechanically 
heterogeneous media.     
 In addition to the rocks collected specifically for this study, several sample sets were 
available in the Louisiana State University Department of Geology and Geophysics collection to 
augment and expand the current data set.  Approximately fifty samples were available from those 
collected by Mueller and Wooden for doing preliminary petrologic, geochemical, and 
geochronological studies of the area (e.g. Henry et al. 1982; Wooden et al. 1982; Mueller et al. 
1985; Mogk and Henry 1988; Mueller et al. 1998).  In the early 1980’s, Jeff Warner (NASA-
Johnson Space Center) and Darrell Henry collected extensively in the Quad Creek and 
Hellroaring Plateau areas.  This collection has been added to sporadically in the past twenty 
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years, and now numbers over seven hundred specimens.  A significant number of these rocks are 
aluminous migmatites from areas visited in this study.   
MAJOR LITHOLOGIC UNITS OF  
THE EASTERN BEARTOOTH MOUNTAINS 
 
 The lithologies of the eastern Beartooth Mountains can be generalized as consisting of 
volumetrically dominant Late Archean igneous granitoids (2.8-2.74 Ga) with centimeter-to-
kilometer-sized xenoliths of metasupracrustal rocks (Mueller et al. 1985).   
Granitoid Rocks and Related Units in the Long Lake Area 
 Although the granitoids are found thoughout the Quad Creek and Hellroaring Plateau 
areas, the most complete characterization of them was performed in the Long Lake area (Fig. 5), 
approximately 20 km to the SW of Quad Creek.  This area is dominated by a granitoid rock that 
is informally named the “Long Lake granite” (LLG), a leucocratic pluton.  The LLG has a 
variable composition that ranges from true granite to granodiorite (Warner et al. 1982).  The 
magmatic assemblage is Qtz + Kfs + Pl(An 24-25) + Bt + Zrn + Mt + Ilm + Ap (mineral 
abbreviations adapted from Kretz 1983; see table 1).    The fabric of the LLG also varies from 
massive, to slightly foliated, particularly in the vicinity of the many inclusions found in the unit.   
 The LLG intrudes an older rock unit known locally as the “Long Lake granodiorite” 
(LLGd).   Although these two lithologies have similar mineral assemblages, they can be 
chemically and texturally differentiated.  The LLGd tends to be strongly lineated, and is mainly 
found as inclusions in the LLG.  The LLGd ranges in composition from granite to granodiorite to 
tonalite (Warner et al. 1982) and has a magmatic assemblage of Qtz + Kfs + Pl (An28-32) + Bt + 
Zrn + Mt + Ilm + Ap + Aln. 
 Also included as xenoliths in the Long Lake “granite” is a unit known locally as 
“andesitic amphibolite” (AA).  This metabasite has a fabric of strongly-lineated hornblende and  
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Table 1.  Mineral Abbreviations adapted from Kretz 1983 
     
Abbreviation Mineral  Abbreviation Mineral 
Act Actinolite  Mag Magnetite 
Aln Alanite  Ol Olivine 
As Aluminosilicate Opx Orthopyroxene 
Ap Apatite  Phl Phlogopite 
Ap Apatite  Pl Plagioclase feldpsar 
Bt Biotite  Kfs Potassium feldspar 
Cal Calcite  Py Pyrite 
Ccp Chalcopyrite Qtz Quartz 
Chr Chromite  Rt Rutile 
Crd Cordierite Srp Serpentine 
Dol Dolomite  Sil Sillimanite 
Ep Epidote  Tlc Talc 
Grt  Garnet  Tur Tourmaline 
Hbl Hornblende Tr Tremolite 
Ilm Ilmenite  Zrn Zircon 
 
its protolith is considered to be of igneous origin.  AA whole-rock data suggests that its 
composition is comparable to modern basaltic andesites, andesites, and dacites found in orogenic 
belts.  Application of the hornblende-plagioclase geothermometer (Blundy and Holland, 1992) 
yields metamorphic temperatures of 742+/-26ºC, assuming a 5 kbar pressure (Henry, personal 
communication). 
 The temporal and chemical relationships between the LLG, LLGd, and AA are complex.  
Although the LLGd is generally lower in total silica than the LLG, there are some samples of 
LLGd with silica as high as 70%, while some LLG contains only ~67% silica.  The distinction 
between the two units is based primarily on trace element analysis.  The LLGd is enriched in 
both LREE and HREE, and has a negative europium anomaly (Mueller et al. 1985).  The LLG 
rocks typically have calc-alkaline to sodic major element patterns with high SiO2 (>70%), 
strongly depleted HREE (Lu=1-2x  chondrites) and moderately-enriched LREE (La=100x 
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chondrites). In terms of fractionation patterns, LLG are chemically distinct from the LLG and 
AA and cannot be derived via fractionational melting of those older units (Wooden et al., 1982; 
Mueller et al., 1985).  Based on the areal extent of the mapped units, it is assumed that the LLG 
is the more abundant lithology, although the exact volumetric and geometric relations of the 
LLG and LLGd have not been determined (Warner et al. 1982, Wooden et al. 1988).   
 U-Pb isotope analysis of zircons yield ages of 2.788 ± 0.005 Ga for the crystallization of 
the amphibolite protoliths and 2.779 ± 0.004 Ga for intrusion of the Long Lake granodiorite 
(Mueller et al. 1998). Although less precise, the Long Lake granite U-Pb isotope zircon age 
estimate of 2.739 ± 0.025 Ga supports the younger relative age for the unit. The strong 
deformation and upper amphibolite facies metamorphism must have taken place after to the 
Long Lake granodiorite emplacement at roughly 2.78 Ga and prior to the massive intrusion of 
the Long Lake granite at 2.74 Ga. However, more recent geochronologic work has indicated that 
there is less of a temporal distinction among these lithologies and that the LLG is perhaps only 
slightly younger than the older units (Mueller, personal communication). 
Granitic Gneisses and Migmatites 
Eckelmann and Poldervaart (1957) identified two lithologies in the Quad Creek area as 
gneisses:  a leucogranitic gneiss and a tonalitic gneiss.  They also described two banded 
migmatite units: a banded biotite migmatite and a banded biotite-hornblende migmatite.  
However, their descriptions of these units suggest that the boundaries between them are often 
complex, diffuse, and gradational.  Their distinction between rocks termed “gneiss” and 
“migmatite” lies solely in the distribution of biotite (migmatites having biotite in bands, while 
gneisses having a more random distribution of biotite), and makes no mention of the leucosomes 
and melanosomes most often used to characterize migmatites.  However, their map of the Quad 
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Creek area designates the majority (>90%) of the terrane as either migmatite or gneiss, 
suggesting that the units described by Eckelmann and Poldervaart may be correlative to the LLG 
and LLGd.   
Quartzites and Quartz-Rich Metasediments 
 Quartzites exist locally as members of the metasedimentary megaxenoliths (Henry et al. 
1982).  While Eckelmann and Poldervaart (1957) originally reported the observation of primary 
sedimentary structures in these units, later studies did not find evidence of these features (Rowan 
1969).  There are three general varieties of quartz-rich metasediments found in the area.  The 
pure quartzites are typically massive and may contain minor amounts of potassium feldspar, 
plagioclase, and zircon.  Detrital zircons found in these quartzite units are some of the oldest 
known in North America.     Samples from both the Quad Creek and Hellroaring areas contain 
numerous zircons that date from 3.8 - 3.9 Ga.  One zircon from the Hellroaring area produces a 
U-Pb data of ~4.0 Ga (Mueller et al. 1998).  The aluminous quartzites (biotite-bearing) often 
grade into the purer quartzites and have granulite-facies assemblages such as Qtz + Crd + Sil + 
Kfs + Bt + Zrn +/- Pl +/- Rt, commonly with late retrograde chromium-rich muscovite.  Other 
quartzites contain a more mafic granulite assemblage of Qtz + Grt + Opx + Bt + Pl +/- Chr.  
Thermobarometric data generated by Henry (unpublished data) for these pyroxene-bearing 
quartzites using the intersections of multiple reactions using the TWQ 2.02b program (Berman, 
1999) suggest peak conditions of roughly 790° C and 5.75 kbars for these rocks.     
Aluminous Metasedimentary Schists, Gneisses, and Migmatites 
Numerous highly-aluminous metasedimentary lithologies are found within the 
megaxenoliths in the larger granitic body.  Both peraluminous and metaluminous schists and 
gneisses are present that contain quartz, plagioclase, brown biotite, and may contain microcline.  
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The peraluminous variety contains sillimanite.  These rocks exhibit concentrations of light-
colored felsic minerals (quartz and feldspars) and more mafic minerals (biotite and garnet) in 
stromatic bands or pods consistent with the leucosomes and melanosomes found in migmatites.  
These are the lithologies of primary interest to this study.   Eckelmann and Poldervaart (1957) 
also describe both a para-amphibolite and a biotite hornblende schist, though their distinction 
between these two rocks is unclear.  Regardless of the name applied to them, these rocks are 
similar to the metaluminous felsic schists and contain green-brown biotite, bluish-green 
hornblende, but not microcline.   
Ferruginous Metasediments (Ironstones) 
The massive and banded iron formations are found in close proximity to other 
metasedimentary lithologies.  Some of the iron formations are folded or heavily tectonized with 
sheared contacts with adjoining units.  These units are frequently pinched-out along shears 
(boudinaged), and contacts with other lithologies commonly exhibit biotitite and garnetite 
reaction zones (Henry et al 1982).  Other ferruginous metasediments display seemingly 
conformable contacts with other units such as quartzites, pelitic schists, metapsammites, and 
amphibolites.  Many of the ironstones are banded with bands on the millimeter to centimeter 
scale.   
The iron formation units generally have at least 50% SiO2 content, FeO amounts range 
from 30% to 40%, and contain 1% to 3% Al2O3 (Mueller et al. 1985).  The most common 
assemblage is Qtz + Mag + Fe-rich Opx + Alm + Cpx, which is consistent with other granulite-
facies ironstones (e.g. Klein 1983, Devaraju and Laajoki 1986).  
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Ultramafic Rocks   
 Ultramafic-hosted chromite deposits were first mapped in this area by Schafer (1937).  
These ultramafic pods or lenses are typically associated with amphibolites or serpentinites 
(Eckelmann and Poldervaart 1957).  Some of these serpentinites contained pods of economically 
high-grade chromite that were mined during World War II (James 1946).  Both the barren 
serpentinites and those with chromite deposits display relict textures and mineral assemblages 
indicative of the igneous and metamorphic precursors. At the margins between the ultramafic 
units and the granitic bodies, reaction zones are apparent that produce areas of hornblendite 
zones nearest the ultramafic body, and biotitite adjacent to the granitic body (Henry et al. 1982).  
These ultramafic bodies appear to be of igneous origin.  Igneous chromite layering is common.  
187Os/188Os ratios and low Rh in chromites from Quad Creek and Hellroaring suggest mantle 
separation ages of roughly 3.1-3.2 Ga from a melt-depleted mantle source (Minarik and Henry 
2004).  The peak metamorphic assemblage in the ultramafic rocks is Opx + Mg-Hbl + two 
coexisting spinels +/- Ol +/- Phl.  Deformation of these units has produced hornblende lineations.  
Lower grade mineral assemblages (Antigoritic Srp + Tr + Chl + Tlc + Mag +/- Cal +/- Dol)  
found in the ultramafic units reflect later amphibolite and lower grade events (Minarik and Henry 
2004). 
Other Meta-Igneous Bodies 
 The Mae West metagabbro contains altered plagioclase, and hornblende or actinolite.  
Biotite may be present and is concentrated in areas that contain quartz.  Although only small 
exposures of this rock occur in the Quad Creek area, larger dikes and sills of metagabbro are 
more voluminous in other areas of the eastern Beartooth Mountains (Eckelmann and Poldervaart 
1957).   
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The Quad Creek metanorite is one of several mafic igneous stocks in the area.  This unit 
is exposed in the core of the Quad Creek synform (Cassella 1969).  This is a complex intrusive 
primarily composed of hornblende, plagioclase, and orthopyroxene.  The plagioclase oikocrysts 
surround the bronzite crystals and is more prevalent near the margins of the intrusion.  Quartz, 
biotite, and other minor minerals (Mag, Ilm, Ap, and sulfides) are present, and are found in 
greater quantity in the upper areas of exposure which are cut by many felsic pegmatite dikes and 
veins (Eckelmann and Poldervaart 1957). 
Amphibolites and Mafic Granulites 
Most of the mafic metamorphic rocks of the area are amphibolites that may contain 
orthopyroxene relicts of a previous granulite facies assemblage. Locally, there is a second 
granulite facies overprint on the amphibolites with the generation of late orthopyroxene (D. 
Henry, personal communication).  The mineral assemblage of the amphibolites are generally Hbl 
+ Pl + Bt +/- Qtz +/- relict Opx +/- Ilm.  Locally, there is a retrogressive overprint with the 
development of Act +/- Ep. The granulite facies overprint mineral assemblage generally is Opx + 
Pl + Hbl + Bt +/- Grt +/- Qtz +/- Ilm. Hornblende-plagioclase geothermometry of the 
amphibolites and mafic granulites yield temperatures of 740-806ºC, assuming a 5 kbar pressure 
(D. Henry, personal communication). Geothermobarometry involving intersections of multiple 
equilibria using the TWQ 2.02b method (Berman, 1999) results in estimated P-T conditions of 
5.5-7.0 kbar and 726-820ºC. 
Locally, amphibolite migmatites are present that display an agmatitic texture.  These 
rocks have been injected by granitic magma that has brecciated, dilated, and rotated the 
amphibolite host.  Along the margins of some of these felsic injections, the amphibolite has been 
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dehydrated to orthopyroxene.  In other instances, the granitic magma has hydrated the 
surrounding rock, forming additional hornblende and actinolite.   
Mafic Dikes 
 Numerous swarms of mafic dikes are found throughout the Beartooth Mountains (Snyder 
1988).  Although the orientation of these dikes varies, many of the dikes in the eastern Beartooth 
Mountains trend northwest-southeast.  The composition of these dikes ranges from tholeiitic 
basalts to metadolerite and metaharzburgite (Harlan 1997).  Even though there is some 
geochronology on these rocks (see Meuller et al. 1982), very few of these dikes have been 
related to specific regional magmatic events (Harlan 1997).     
Porphyry Dikes     
 Dikes of a porphyritic felsite are exposed in many places at both Quad Creek and the 
Hellroaring Plateau area.  The scale of the exposure of this unit varies widely from a few meters 
to several kilometers.  This rock has large (1-3 cm) phenocrysts of plagioclase, orthoclase, 
quartz, and hornblende set in a gray-green aphanitic matrix.  Although the unit is locally known 
in the area as “Laramide porphyry” (Cassella 1969), no definitive isotopic data has been 
conducted to conclusively determine that this unit is of late Cretaceous or early Tertiary age.  
However, due to the proximity of this unit to large-displacement faults associated with Laramide 
uplift, this unit is believed to be contemporaneous with the late Cretaceous tectonism (James 
1946, Casella 1969).    
REGIONAL GEOLOGIC HISTORY 
 The history of the rocks of the Beartooth Mountains is long and complex, involving 
multiple cycles of deformation, metamorphism, magmatism, and uplift.  The Beartooth 
Mountains are located in the northern Wyoming Province (Fig. 1) of central North America, the 
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second largest exposure of Precambrian rocks on the continent, the largest being the Superior 
Province (Peterman 1979).  The central and eastern portion of the Beartooth range is part of the 
larger Bighorn/Beartooth Magmatic Province that surrounds the Bighorn Basin.  The Archean 
rocks in the western part and to the west of the Beartooth Mountains are characterized as a high-
grade gneiss terrane with varying abundances of metasedimentary rocks (Mogk and Henry 1988, 
Mogk et al. 1992).  Crystalline basement in the range exists approximately 6000 meters above 
the top of the basement in the Bighorn Basin (Eckelmann and Poldervaart 1957).   
 The Beartooth Mountains are divided into four subregions: the Main Beartooth Massif, 
the North Snowy Block, the South Snowy Block, and the Stillwater Block (Fig. 5) (Mueller et al. 
1985).  The Main Beartooth massif consists predominantly of voluminous Late Archean igneous 
granitoids (2.8-2.74 Ga) with inclusions of metasupracrustal rocks that exhibit wide ranges in 
composition, metamorphic grade, and isotopic age.  The North Snowy Block is interpreted as a 
collage of several predominantly metasedimentary allochthonous units (Mogk 1988).  The 
Stillwater Block is dominated by the mafic igneous Stillwater Complex (2.7 Ga) and its contact 
aureole in older metasediments (e.g. Czamanske and Zientek, 1985). The South Snowy Block is 
dominated by metasedimentary rocks and a series of locally important 2.7 Ga old granitoid 
plutons (Casella et al. 1982, Wooden et al. 1982, Montgomery and Lytwyn 1984).  The areas of 
concentration in this study, the Hellroaring Plateau and Quad Creek areas are found in the 
eastern part of the Main Beartooth Massif, here referred to as the “eastern Beartooth Mountains”.   
 The rocks in this study are found in xenoliths and megaxenoliths of metamorphosed 
supracrustal rock, suspended in large granitic masses.  These xenoliths exist at scales ranging 
from a few centimeters to kilometers in size.  Their exact dimensions and geometries are not 
readily determinable.  The xenoliths contain a variety of compositions, ranging from quartzites 
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and granitic gneisses, to metapelites, amphibolites, ferruginous metasediments and ultramafics.  
These different lithologic units are commonly boudinaged, and are bounded by sheared or 
mylonitic zones.  Although these lithologies have been heavily tectonized and experienced 
multiple episodes of metamorphism, the compositional distinctions among the units have 
remained.    
Based on a series of geochronological, geochemical and petrologic studies, the long 
geologic history of the Beartooth Mountains has been emerging. The geologic evolutionary 
timeline of the Beartooth Mountains can be divided into several distinct intervals: the Early-to-
Middle Archean provenance history of the metasedimentary and ultramafic rocks, Middle-to-
Late Archean metamorphism, deformation and magmatism, Proterozoic and Phanerozoic uplift 
and erosion and Cenozoic reactivation and uplift: 
Early and Middle Archean Provenance History: 
4.0-3.9 Ga Crust-forming event(s) that produced the oldest zircons found in the Hellroaring 
Plateau quartzites as detrital grains.  This is the smallest portion of detrital grains 
(Mueller et al. 1998). 
3.8-3.7 Ga Further crust-forming event(s) that shed detrital zircons.  This is the age of the 
oldest known zircons found in the Quad Creek quartzites (Mueller et al. 1998).  
3.4-3.2 Ga Major crust-forming event(s) that shed the largest proportion of the zircon detritus 
associated with quartzites in the Hellroaring Plateau and Quad Creek areas.  The 
ages and distribution of these zircons (and the older zircons) are consistent with 
similar metamorphosed quartzites from the Spuhler Peak Metamorphic Suite, 
found in the Tobacco Root Mountains to the west of the Beartooth Mountains 
(Mueller et al. 2004).  Zircon age distributions throughout the northern Wyoming 
 31
Province corroborate a major, regional crust-forming period during this time 
(Mueller et al. 1998).  Evidence of widespread magmatism at ~3.25 Ga is 
recorded in zircon overgrowths in 3.5 Ga trondhjemitic gneisses that are found 
between the Beartooth-Bighorn magmatic zone and the Montana metasedimentary 
province (Mueller et al. 1996).   
3.1 Ga Minimum age of the deposition of sandstone protoliths based on the youngest age 
of the detrital zircons (Mueller et al. 1998).  These sediments are interpreted to 
have been deposited in a shelf-type marginal marine environment (Mogk and 
Henry 1988).  
3.2-3.0 Ga Earliest possible time for separation of ultramafic chromitites from the mantle, 
based on Osmium isotopes.  Depleted rhodium in the chromites suggest that they 
were perhaps part of the highly-depleted sub-oceanic mantle beneath a mid-ocean 
ridge. (Minarik and Henry 2004).   
Middle and Late Archean Metamorphic and Tectonic Events: 
2.8 Ga Supracrustal sediments buried to a depth of approximately 20 km, and tectonically 
superimposed with the ultramafic lithologies (Mogk and Henry 1988).  These 
rocks are heavily tectonized at depth, resulting in shear zones and internal 
boudinage now exposed in the megaxenoliths.  During this time, these rocks 
experienced granulite-grade metamorphism (M1) at conditions of roughly 750-
800° C and 5-7 kbar (Mogk and Henry 1988).  Pb-Pb step-leach dating of garnets 
in metapelites from the Beartooth Mountains give a data of 2.784 Ga +/- 0.018 
Ga, which may be interpreted as the age of metamorphism (Dahl 2000). 
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2.79 Ga Andesitic volcanism, and subsequent intrusion of the Long Lake Granodiorite, 
one of the two major granitic units in the region.   
2.79-2.74 Ga Regional amphibolite-grade metamorphism (M2), with possible localized 
formation of granulites.  2.79 Ga andesites are known locally as “Andesitic 
Amphibolites”.  Shear zones develop in many units, and regional open folding 
produces F2 fabric (Mueller 1979, Rowan 1969).  Intrusion of the Long Lake 
Granite, the dominant lithology of the area.  The supracrustal xenoliths are 
included in the Long Lake Granite as roof pendants.   
Proterozoic and Phanerozoic Uplift: 
2.5 Ga K-Ar closure in muscovite, indicating cooling to 350° C (Gast et al. 1958).   
2.3 Ga K-Ar closure in biotite, indicating cooling to 300° C (Gast et al. 1958).   
780 Ma Gunbarrel mafic magmatic event, which emplaces mafic basaltic dikes in eastern 
Beartooths, such as the Christmas Lake dike.  This event produces dikes along a 
>2400 km stretch of the Laurentian margin, which may be associated with 
breakup of the Rodinian supercontinent (Harlan et al. 2003). 
530 Ma Deposition of Cambrian Flathead sandstone of the Precambrian basement.   
Cenozoic Rejuvenation and Uplift: 
 
65-57 Ma Rapid uplift during Laramide Orogeny.   
 This generalized geologic history sets the context for this study.  Given the huge 
expanses of time involved, and the complexity of the terrane, this history will continue to evolve.   
However, absolute geochronology is not the emphasis of this study, and the geological context 
presented here sets the background.   
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METHODS 
FIELD AND SAMPLE PREPARATION METHODS 
Field Mapping and Collecting 
 A research expedition to collect selected lithologies in their geologic context was 
undertaken to the field locality in the Beartooth Range near Red Lodge, Montana, U.S.A., during 
the summer of 2002.  The two areas of greatest interest were the sections of exposed supracrustal 
lithologies along U.S. Route 212 (The Beartooth Highway) near Quad Creek, and those exposed 
along the old mining road leading to the top of the Hellroaring Plateau, just south of Hellroaring 
Creek (Fig. 6).  These sections contained the best examples of aluminous migmatites in the area.     
 The goal of collecting was to assemble a representative, though not exhaustive, suite of 
the supracrustal rocks found in the area.  Particular emphasis was placed on sampling apparently 
pelitic lithologies with migmatitic features.  Over 70 hand-samples were collected from the two 
localities.  The rocks in this area are extremely heterogeneous, often on the meter to centimeter 
scale, making collection of every lithology present challenging.  All samples were assigned 
numbers, sequentially in the order they were collected and recorded.  Rocks from the Hellroaring 
Plateau were labeled HR02-XX (“XX” being the sample number), while rocks from the lower 
Quad Creek section were labeled QC02-XX.  A few rocks that were sampled from the middle 
Quad Creek exposure were labeled QCM-X.   
 The best exposures of rocks in this area are along the road-cuts, and most samples were 
obtained directly from the outcrop, but some high quality samples were found as float and talus.  
Medium-resolution digital pictures were taken of the road-cuts, and sketches of these outcrops 
were made to identify lithologic changes, sample localities, and distinctive features.  For float  
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Figure 6.  Topographic map of the field area.  Road-cut sections of study and collection are 
detailed in red.  Contour interval = 80 feet.   
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and talus samples, it was generally easy to identify their sources, and notes were taken 
accordingly.   
 Digital photography of the road-cut exposures proved quite difficult due to the 
geometries and scale of the subject matter.  Weather conditions and time of day were monitored 
to provide strong, yet diffuse lighting on the outcrops.  To provide a scale and reference points, 
flagged poles were placed every twenty-five feet along the outcrops.  At the lower Quad Creek 
outcrops along the Beartooth Highway, sequential photographs were of the entire outcrops, 
approximately normal to the rock face.  The guardrail was used as a reference point as it was 
found to be a consistent distance from the outcrop wall.   
 Photographing the outcrops along the road on the Hellroaring Plateau proved much more 
troublesome.  The road was as little as ten feet wide in some spots, with the outcrop directly on 
one side and a steep drop-off to the valley below on the other side.  This created a very small 
field of view for the camera, because the outcrop was at such close range.  The exposures along 
this road were somewhat segmented, so the camera was positioned at the center of each outcrop 
segment, to take sequential pictures of the outcrop in a panoramic fashion.  Though this method 
created excessive distortion toward the peripheries of the exposures, no more effective means 
could be conceived given the equipment and resources available.   
 The collection of images was later reassembled into larger mosaics using Adobe 
Photoshop 6.0 to orient, resize, crop, and correct for brightness and contrast.  This method was 
very effective for the lower Quad Creek images, while the results for the Hellroaring Plateau 
exposures were less than optimal.  The lighting and coloring of the weathered rocks in this area 
made recognition of features and lithologic boundaries exceedingly difficult.  Using Adobe 
Photoshop 6.0, linework was added to the mosaic outcrop images.  This linework delineated 
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major lithologic boundaries, structural and mineralogical features, and sample locations as they 
were recorded on the sketches made at the outcrop.   
Sample Preparation and Petrography 
All samples were catalogued into a database created using Microsoft Access 9.0.  This 
database was invaluable in tracking the various stages of preparation, description, and analysis 
performed on the samples.  A sample report from this database is provided as in figure 7.  Rocks 
of greatest interest were slabbed, trimmed, and prepared into standard 30-µm thin sections in the 
LSU Geology/Geophysics Department rock lab.  These thin sections were then digitally scanned 
using an Epson Perfection 1660 Photo scanner with backlighting capability.  A gel-type 
polarizing filter was placed between the backlight and the thin section in the scanner to create 
whole thin section, plane-polarized light scans at 800-1600 dpi.  These scanned images were 
used as guides and records for further petrographic and chemical analysis. 
The basic mineralogy of all thin sections was determined using standard 
optical/petrographic techniques on an Olympus BHSP microscope and recorded in the database.  
This information, as well as notes on structures, patterns, and alteration, was used to determine a 
proper name for the metamorphic rocks according to the currently accepted IUGS nomenclature 
(Schmid, R. et al. 2004, Wimmenauer, W., and Bryhni, I, 2002).  
Cathodoluminescence Imaging of Sillimanite 
When subjected to significant excitation from an electron beam, certain minerals emit 
visible light due to fluorescent and phosphorescent electron transitions broadly grouped under 
the term “cathodoluminescence”.  Cathodoluminescence scanning electron microscopy (CL-
SEM) utilizes an electron microscope’s beam to induce luminescence in the specimen.  A mirror 
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Figure 7.  Sample record from the Microsoft Access 9.0 database used for cataloging samples 
collected and/or used in the study. 
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is placed above the sample in the SEM chamber that reflects the light produced by 
cathodoluminescence into a dedicated detector and imaging system. 
Sillimanite grains often display an intense red luminescence that may be produced by the 
presence of trace elements (Wojtowicz and Lempicki 1989).  In this study, CL-SEM was used to 
reveal trace element and minor element zonation in sillimanite grains, which was later quantified 
by electron microprobe analysis.  Additional features, particularly high-strain areas also may 
develop increased luminescence.  The detector itself is not sensitive to color.  Color images were 
produced by placing bandpass filters between the mirror and the detector to separate red, green 
and blue component colors.  A separate image was obtained for each component color.  These 
images were recombined digitally using Photoshop 6.0 to produce a full color image.  
ANALYTICAL METHODS AND P/T DETERMINATIONS 
Electron Microprobe Analysis 
 An electron microprobe was used to determine the chemical compositions of minerals in 
selected pelitic and semi-pelitic rocks.  These analyses were performed at the Louisiana State 
University Geology/Geophysics Department microanalytical laboratory using wavelength-
dispersive spectrometers on a JEOL 733 “Superprobe” automated electron microprobe.  This 
mineral data would be subsequently used in geothermobarometry calculations in order to 
determine pressures and temperatures of the mineral assemblages.  Biotite and garnet grains were 
analyzed with an accelerating voltage of 15 keV and a beam current of 10-15 nA.  A table of the 
elements analyzed and the standards used is provided as Table 2.  Mineral data generated by 
electron microprobe analysis were normalized using the Stoich program developed by D.J. 
Henry.  Secondary standards of known composition and similar mineralogy were run 
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simultaneously with the samples from the study, in order to provide a clear indication of the 
reproducibility of the results.   
Table 2.  Elements analyzed and standards used for microprobe analyses of the biotite and 
garnet.   
Element Standard for Biotite Analysis Standard for Garnet Analysis 
Si Toronto diopside Toronto almandine 
Ti Kakanhui hornblende Kakanui hornblende 
Al SMU andalusite Toronto almandine 
Cr Smithsonian chromite Smithsonian chromite 
Fe Rockport fayalite Toronto almandine 
Mn Toronto rhodonite Toronto rhodonite 
Mg Toronto diopside Kakanui pyrope 
Ca Toronto diopside Garnet 87375 (Robert Victors Mine) 
Ba Toronto sanadine N/A 
Na Toronto albite N/A 
K Toronto sanadine N/A 
F Durango fluoroapatite N/A 
Cl Toronto tugtupite N/A 
   
Garnet grains were analyzed by performing a series of linear traverses of multiple 
analysis points (typically 25-50 points).  An effort was made to produce a large number of 
analyses, as this would allow exclusion of obviously erroneous data points, while still leaving a 
robust data set.  The spacing of the points varied for each grain analyzed, but was typically 75 – 
200 microns.  The paths of the traverses were planned in such a way that the core and both rims 
of the garnet would be analyzed, while avoiding the dense concentrations of quartz inclusions 
found in these minerals.  However, avoiding all quartz inclusions was impossible.  Data points 
that were tainted by analysis of quartz inclusions were easily recognized by their very high silica 
content, and deleted from the data set.  The elemental oxide data produced by the microprobe 
was normalized to 12 oxygens using the “Stoich” computer program.  Pyrope, almandine, 
spessartine and grossular end-member percentages were determined based on cation proportions.   
Accuracy and precision for garnet analyses was evaluated by routinely performing two or 
more analyses of the Toronto Almandine standard both before and after each traverse.  This 
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provided a stable reference point to generate a numerical assessment of the reliability of the 
instrument, as well as to elucidate any systematic problems that might jeopardize the data.  The 
results of the secondary standard analysis and the assessment statistics are found in table 2.  The 
average error was determined using by the formula: 
Error(Average) = 0.7954 * Standard Deviation / (number of analyses)^½     
As can be seen in table 3, these analyses are both accurate and precise for both major and 
minor elements, all having average errors equal to or less than 0.5%.  For the trace elements 
chromium and titanium, the average errors (22% and 16%, respectively) are more significant.  
However, trace elemental composition was not an emphasis in garnet analyses.  If it were, the 
operation conditions of the microprobe would have been significantly altered to improve the 
precision of these elements.   
For biotite grains, numerous analyses were performed on each grain to improve accuracy 
and detect potential zoning. Analysis was complicated by the chloritization of the biotite grains 
found in many of the samples.  While many of the heavily chloritized biotite grains were 
identified optically and avoided, the results of the analyses showed alteration of the biotite that 
was not apparent through the microscope.  Anticipating this, a large data set was created by 
analyzing numerous grains in each sample.  This allowed exclusion of data from chloritized 
grains, while still maintaining a robust data set.  In an effort to remove these analyses from the 
data set, all biotite analyses that yielded an oxide total of less than 94% were excluded from the 
biotite data set.  Biotite was normalized on the basis of 22 oxygens per formula unit.  An effort 
was made to analyze biotite grains that were in close proximity or even in contact with garnet 
grains that were analyzed.  The close proximity of these grains increases the likelihood that they  
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Table 3.  Toronto Almandine Secondary Standard Analysis Results and Statistics  
 Elemental Oxide Percentages 
Pt# SiO2 Al2O3 TiO2 Cr2O3 FeO MnO MgO CaO Total 
1 36.72 20.91 0.01 0.06 34.34 0.51 4.65 0.98 98.17 
2 38.14 21.57 0.00 0.00 35.50 0.52 4.60 0.99 101.32 
3 37.51 21.54 0.00 0.01 35.52 0.55 4.68 1.00 100.81 
4 37.79 21.41 0.01 0.00 35.82 0.54 4.56 1.02 101.16 
5 37.20 21.17 0.00 0.00 36.11 0.55 4.65 1.02 100.70 
6 37.59 21.22 0.02 0.00 35.08 0.52 4.64 1.04 100.10 
7 37.69 21.19 0.00 0.00 35.02 0.55 4.52 1.07 100.04 
8 37.58 21.15 0.01 0.02 35.07 0.53 4.57 0.99 99.91 
9 37.30 21.28 0.01 0.01 35.49 0.49 4.63 0.99 100.19 
10 37.20 21.26 0.01 0.01 35.75 0.53 4.64 1.02 100.42 
11 37.61 21.19 0.00 0.04 35.11 0.54 4.62 1.05 100.16 
12 37.62 21.48 0.01 0.01 34.65 0.50 4.67 0.98 99.91 
13 37.59 21.40 0.04 0.02 34.81 0.47 4.60 1.00 99.93 
14 37.28 21.32 0.02 0.00 35.71 0.48 4.60 1.05 100.45 
15 37.40 21.43 0.00 0.00 35.75 0.54 4.52 1.04 100.67 
16 37.56 21.28 0.01 0.00 35.65 0.51 4.60 0.98 100.60 
17 37.32 21.37 0.01 0.05 35.40 0.56 4.56 1.02 100.28 
18 37.22 21.16 0.01 0.01 35.75 0.54 4.62 1.10 100.42 
19 37.67 21.36 0.00 0.00 36.37 0.54 4.53 1.03 101.51 
20 37.06 21.27 0.00 0.00 35.43 0.53 4.70 1.02 100.02 
21 37.33 21.21 0.01 0.03 36.09 0.54 4.55 1.02 100.79 
22 37.17 21.05 0.02 0.03 35.35 0.55 4.62 0.96 99.75 
          
Average value 37.43 21.28 0.01 0.01 35.44 0.53 4.61 1.02 100.33 
Standard Values 37.56 21.25 n/a n/a 35.35 0.45 4.39 1.00 n/a 
standard dev 0.296 0.157 0.009 0.018 0.492 0.025 0.051 0.033 0.678 
average error 0.050 0.027 0.001 0.003 0.083 0.004 0.009 0.006 0.115 
% relative error 0.13 0.13 16.34 22.23 0.24 0.80 0.19 0.55 0.11 
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are in chemical equilibrium, a fundamental requirement for the use of their chemical data in the 
thermodynamic models.   
The quality of the biotite analyses was assessed by routinely analyzing the Toronto 
biotite and Kakanui Hornblende standards during each analysis session.  The repeated analysis of 
the Kakanui hornblende (Tbl. 4) shows the repeatability of the procedure to be excellent, with 
relative errors of less than one percent for major elements.  The analysis of the Toronto biotite 
standard (Tbl. 5) reveals a somewhat lower precision for the iron component, while other major 
elements remain within strict tolerances.  It is curious that this lack of precision for the iron 
analyses was not systematic in both the Kakanui hornblende and Toronto biotite analyses.  
Though the relative error of 1.98% for iron analyses is less than desirable, it may be due to an 
isolated incident, and not indicative of the precision of the method as a whole.  Regardless, this 
lack of precision is not significant enough to threaten the results of the study.   
 Microprobe traverses of sillimanite grains were performed under more rigorous 
conditions to maximize the analysis of trace elements.  Long count times (100 sec) and high 
beam current (~60 nA) were used to improve precision and lower the detection limits to 
approximately 100 ppm for trace elements.  A “WDS” scan was performed on a sillimanite grain 
from the study in order to optimize peak and background locations.  Table 6 shows the elements 
analyzed and the standards used.     
Geothermobarometry 
 Several geothermometers and geobarometers were used to estimate the pressure and 
temperature conditions of metamorphism.  The majority of these calculations were performed
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Table 4.  Biotite Error Analysis using Kakanui Hornblende as a Secondary Standard       
Analysis  SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO BaO Na2O K2O F2O7 Cl2O7 Total 
1 40.06 4.73 14.65 0.04 10.63 0.05 12.96 10.19 0.03 2.58 2.18 0.00 0.05 98.15 
2 40.54 4.82 15.04 0.00 11.12 0.14 12.66 10.27 0.04 2.47 2.04 0.12 0.01 99.27 
3 40.43 4.66 14.88 0.00 10.60 0.12 12.73 10.29 0.07 2.43 2.23 0.08 0.00 98.51 
4 40.45 4.68 15.04 0.06 11.33 0.10 12.85 10.45 0.05 2.47 2.11 0.04 0.03 99.66 
5 40.04 4.65 14.08 0.00 10.40 0.11 12.85 9.96 0.04 2.53 2.14 0.00 0.00 96.79 
6 40.20 4.61 14.24 0.00 10.48 0.11 12.67 9.95 0.02 2.43 2.12 0.00 0.02 96.87 
7 40.00 4.68 14.27 0.00 11.14 0.07 12.43 10.16 0.02 2.52 2.11 0.00 0.02 97.42 
8 39.85 4.61 14.28 0.00 10.95 0.15 12.59 10.23 0.05 2.47 2.14 0.10 0.03 97.45 
9 39.56 4.65 13.90 0.06 10.44 0.11 12.65 10.30 0.05 2.39 2.13 0.03 0.02 96.28 
11 39.94 4.71 13.94 0.00 10.94 0.12 12.58 10.20 0.02 2.44 2.11 0.10 0.01 97.12 
12 40.25 4.59 14.19 0.00 10.85 0.02 12.59 10.16 0.03 2.61 2.10 0.12 0.02 97.53 
13 40.46 4.57 14.22 0.02 10.53 0.11 12.40 10.37 0.06 2.58 2.15 0.11 0.02 97.60 
14 40.63 4.67 14.14 0.00 10.69 0.07 12.49 10.39 0.02 2.50 2.19 0.09 0.02 97.89 
               
Average Value 40.19 4.66 14.37 0.01 10.78 0.10 12.65 10.22 0.04 2.49 2.14 0.06 0.02 97.73 
Reference Value 40.37 4.72 14.9 n/a 10.92 0.09 12.8 10.3 n/a 2.6 2.05 n/a n/a n/a 
Standard dev. 0.312 0.065 0.394 0.023 0.300 0.037 0.167 0.149 0.015 0.067 0.046 0.050 0.013 0.968 
Average Error 0.0664 0.0138 0.0837 0.0049 0.0638 0.0078 0.0354 0.0317 0.0031 0.0142 0.0099 0.0106 0.0029  
% relative error 0.17 0.30 0.58 35.40 0.59 7.93 0.28 0.31 8.32 0.57 0.46 17.46 14.58  
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Table 5.  Biotite Error Analysis Using the Toronto Biotite as a Secondary Standard     
% Oxide Component Analysis      
Element Reference Value 1 2 3 4 5 6 Average Std. Dev. Avg. Error % Rel. Error 
SiO2 38.72 37.48 37.51 37.90 37.60 37.63 37.48 37.60 0.1592 0.0517 0.14 
TiO2 1.71 1.75 1.77 1.47 1.41 1.64 1.44 1.58 0.1624 0.0527 3.34 
Al2O3 15.13 14.98 14.89 15.45 15.38 15.11 15.37 15.20 0.2344 0.0761 0.50 
Cr2O3 n/a 0.05 0.09 0.10 0.07 0.08 0.03 0.07 0.0253 0.0082 11.61 
FeO 10.72 11.31 11.26 10.07 10.09 10.02 10.02 10.46 0.6393 0.2076 1.98 
MnO 0.04 0.08 0.07 0.14 0.11 0.11 0.00 0.09 0.0478 0.0155 18.21 
MgO 19.52 18.42 18.44 19.36 18.93 19.21 18.96 18.89 0.3880 0.1260 0.67 
CaO 0.1 0.00 0.00 0.04 0.02 0.00 0.00 0.01 0.0145 0.0047 51.31 
BaO n/a 0.25 0.26 0.16 0.15 0.15 0.18 0.19 0.0480 0.0156 8.11 
Na2O n/a 0.08 0.09 0.12 0.26 0.10 0.06 0.12 0.0727 0.0236 19.90 
K2O 9.91 10.59 10.35 10.47 10.03 10.17 10.51 10.35 0.2156 0.0700 0.68 
F2O7 n/a 0.03 0.07 0.16 0.14 0.21 0.18 0.13 0.0703 0.0228 17.43 
Cl2O7 n/a 0.03 0.02 0.02 0.02 0.00 0.00 0.01 0.0106 0.0034 24.48 
Total n/a 95.05 94.82 95.44 94.21 94.43 94.22 94.70 0.4952   
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Table 6.  Elements and standards used for microprobe analysis of sillimanite. 
Element Standard 
Si SMU andalusite 
Al SMU andalusite 
Ti Kakanui hornblende 
Fe Rockport Fayalite 
Mn Toronto rhodonite 
Cr Toronto chromite 
 
using the TWQ 2.02b computer program developed by Berman (1999).  This interactive program 
facilitates the simultaneous calculation of multiple mineral equilibria in pressure/temperature 
space using mineral composition data from the samples and an internally consistent 
thermodynamic database.  The database used was most recently updated by Berman in 1997.  
The equilibria calculated for multiple independent reactions allow pressure and temperature to be 
determined somewhere along the P/T path.  The auxiliary program “INTERSX” helps determine 
the level of uncertainty of the equilibria intersections based on the degree of convergence of the 
reactions boundaries in pressure/temperature space.  This program produces an intersection point 
in P/T space that is a weighted average, giving preference to those reactions that are most 
affected by changes in pressure and temperature (Berman 1999).   
 Implicit to calculating reaction equilibria is that the mineral phases involved approach 
chemical equilibrium.  Even though chemical equilibrium may not be attained within a rock 
sample, formation, or outcrop, it may be achieved in small, localized domains.  To this end, 
mineral data used in the geothermobarometric calculations was generated from grains that were 
in close proximity.  However, even grains that are touching may not be in complete equilibrium, 
due to retrograde cation exchange (Brown 2002, Pattison et al. 2003).  For example, due to 
inherent heterogeneities found in garnet grains such as concentric compositional zoning, 
biotite/garnet temperatures were determined using both garnet core and rim data.  Additionally, 
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multiple biotite analyses were used indicate the relative level of chemical homogeneity within 
each sample.    
The Ti contents in biotite can serve as a guide to temperature and deviation from 
equilibrium in the peraluminous migmatites.  Henry et al. (in press) have demonstrated that Ti 
content of biotite can serve as a geothermometer for graphitic, peraluminous metapelites that 
contain ilmenite or rutile (Ti-saturating minerals) and have equilibrated at roughly 4-6 kbar. 
These authors examined the relationship between Ti-content, temperature and Mg/(Mg+Fe) 
values and empirically calibrated an easily-applied Ti-in-biotite (TIB) geothermometers. Equally 
as important, Ti systematics in biotite can also serve as the basis of a very sensitive indicator of 
chemical equilibrium, or lack thereof. Application of the geothermometer to metapelites not 
containing the requisite mineral assemblages can lead to minor-to-significant errors in estimated 
temperatures. Nonetheless, TIB can serve as a limiting temperature indicator in the peraluminous 
migmatites or a guide to retrogression and resetting of biotite. 
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RESULTS 
FIELD MAPPING AND SAMPLING 
Due to the intensely heterogeneous nature of the rocks, field mapping of the supracrustal 
megaxenoliths at the Hellroaring Plateau and (HR) Lower Quad Creek (LQC) localities was very 
challenging.  Significant structures (faults, shears, contacts) and extreme variations in lithology 
exist on the centimeter scale.  The nature of the alpine terrane creates some areas that have 
excellent outcrops of in-place rock, while many of the areas are covered by thick vegetation, or 
talus from the overlying cliffs.  Many of the contacts and lithologies are exposed in areas that are 
steep and difficult to reach for investigation.  Consequently, it was most useful to generate 
several photo mosaic cross-sections that could be correlated to earlier geologic maps (e.g. James 
1946). 
Hellroaring Plateau Area 
Plate 1 is a photo mosaic of the western portion of the Hellroaring Plateau, along the old 
Hellroaring Plateau mining road, immediately south of the crossing of Hellroaring Creek.  The 
locality displayed in plate 1 is shown on a map in figure 8.  Most lithologies were determined by 
observation of float and locally confirmed in outcrops above the talus.  Talus obscured most 
contacts, so the exact structural configuration of the lithologies could not be entirely ascertained.  
Many of the supracrustal units at this locality are tectonically heterogeneous with mylonitic or 
cataclastic margins and intact internal lithologies (i.e. macrolithons).  Other contacts between 
lithologic units are continuous.       
Although exposure of peraluminous rocks (metapelites) along the road is rather limited, 
there are more extensive exposures on the cliff face.  Consequently, a comprehensive suite of  
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Figure 8.  Topographic map of the eastern portion of the Hellroaring Creek hanging valley.  The 
area surrounded in yellow is approximately the field of view of the photomosaic in plate 1.  The 
red line indicates the area of the road were the roadcut cross-sections in plates 2, 3, and 4 were 
made.  CI=40’ 
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peraluminous rocks was collected in the float below the cliff for this study, and from prior 
studies.   
Plate 2 is a photo mosaic cross section of the exposure of supracrustal rocks along the old 
mining road in the hanging valley below the Hellroaring Plateau.  This area is the first outcrop of 
rocks along the road south of Hellroaring Creek.  Parallax has induced significant distortion in 
some of the component images.  On the right hand (northwest) side of the cross section (Plate 2), 
the lithologic boundaries are well-defined.  The biotite-plagioclase banded quartzite unit extends 
for several meters to the southeast, beyond the view of the cross section.  The pegmatitic quartz 
unit does not appear to be an actual part of the quartzite, although it is possible that it is an 
alteration zone that has recrystallized the quartzite to pegmatitic grain size.  Between this 
pegmatitic quartzite and the banded quartzite to the west, lies a small exposure of biotite 
quartzofeldspathic gneiss.  East of the quartzites, there is a narrow striped amphibolite unit that 
contains mafic hornblende-rich layers and felsic lenses.  The striped amphibolite is also cross-cut 
by anastamosing pegmatitic quartz veins several centimeters in width.  This amphibolite unit 
extends for only a few meters, where it contacts a peraluminous gneiss that displays stromatic 
migmatite textures. To the southeast of this pelitic unit lies a large (30+ meters) section of very 
dark, massive amphibolite.  Two granitic dikes cross cut the supracrustal rocks.  The eastern 
granitic dike is approximately 30 cm in width, while the western dike may be up to a meter in 
width. 
Plate 3 is a photo mosaic that begins where plate 2 ends.  The massive amphibolite 
continues, and becomes more felsic, grading into a small biotite schist unit.  This schist has a 
sharp contact with an agmatitic amphibolite that has been brecciated by injection of a felsic melt.  
Much of the amphibolite in this unit is extremely dark in color, and appears to be completely 
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devoid of felsic minerals.  In contrast, some of the nearby amphibolites contain significant 
(>30%) plagioclase.  Beyond this is a quartzite, which is largely obscured by regolith, so its 
geometry cannot be reliably determined. 
Approximately fifty meters southeast of the plate 3, there is an exposure of ultramafic 
rocks (Plate 4).  The ultramafic rocks seen along the Hellroaring Plateau road in plate 4 are 
heavily serpentinized and in close proximity to supracrustal rocks, likely as a tectonic slice.  
Above the ultramafic rocks is a dike of the “Laramide porphyry”.  The precise nature of the 
contact between these two units could not be ascertained.  At the eastern edge of the ultramafic 
unit is a ten-meter exposure of some heavily-folded felsic gneisses units, including a mylonitized 
quartzite containing centimeter-sized magnetite crystals.  Beyond plate 4 there are a series of 
mixed felsic gneisses, which continue until the turn in the road at the edge of the great valley.  
The rocks are designated as “undifferentiated gneiss and migmatite” in the map compiled by 
Casella (1969), though in all likelihood, these rocks may be part of the Long Lake 
Granite/Granodiorite suite of granitic rocks.   
Plate 5 is a modified version of the map by James (1946) of the Hellroaring Plateau field 
area characterized by this study.  The contacts of the units as mapped by James are remarkably 
consistent to those shown in plates 2, 3, and 4.  However, by applying the detailed lithologic 
description and characterization produced by this study to the original map by James (1946), it is 
possible to see how the rocks sampled here and shown in the photo mosaic cross sections (plates 
2-4) are arranged on a larger scale.  The severely distended nature of the lithologic units is 
apparent.  The aluminous metasedimentary units (designated “Al”) are those of most interest to 
this study.  Although some of the “Al” units are merely a few meters wide, they extend for over 
one hundred meters up the slope.  Many samples used for this study were collected from talus 
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along the road at the northern part of the map (Plate 1).  The locations of the units on the map 
confirm that these rocks were shed off of exposures of aluminous rocks on the cliff face directly 
above the road.  This was also confirmed by field examination of outcrops on the cliff face.     
Lower Quad Creek Area 
The production of photo mosaic cross sections of the exposure of supracrustal rocks at 
the lower Quad Creek (LQC) locality was much more successful.  The width of the two-lane 
highway allowed photographs to be taken at greater distance, and from a moving vantage point 
normal to the outcrop, which limited horizontal distortion of the images.  However, some vertical 
distortion does exist:  the low vantage point and the slope of the exposure vertically compresses 
the upper portion of the image. 
Plate 6 is the southern most exposure of supracrustal rocks at LQC.  A biotite amphibolite 
unit at the extreme right grades into the quartzite to the north.  This area is heavily injected by 
felsic, potassium feldspar-rich pegmatitic veins.  A three meter-thick shear zone separates these 
rocks from the darker, amphibolite gneiss to the north.  A sharp contact exists between the 
amphibolite gneiss and a large mass of leucocratic granitic gneiss to the north.  This unit contains 
large potassium feldspar augen, pegmatitic veins, and numerous small inclusions of mafic 
amphibolite.  On the left side of plate 6 there are some units boudinaged on an extraordinary 
scale, henceforth called “megaboudins”.  In the lower Quad Creek area, exposures of individual 
megaboudins are up to ten meters wide and tens of meters in length.  These megaboudins contain 
amphibolite, biotite gneiss, and ultramafic rocks.  The texture of the mega-boudins is complex 
and the composition heterogeneous.  The megaboudins are primarily amphibolites, but their 
contact with the host rock (quartzo-feldspathic gneiss) differs from the discrete or mylonitic 
contacts traditionally observed with boudinage.  The outermost part of the megaboudin appears 
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to be injected with a felsic melt, producing an interleaved-texture of amphibolite and meta-
granitoid.  The ultramafic center of the most exposed mega-boudin is clearly injected by felsic 
material.  The northernmost edge of plate 6 shows the continuation of the striped biotite gneiss, 
which is heavily sheared. 
Plate 7 continues at the northern edge of plate 6.  This view shows several more 
amphibolite and biotite gneiss megaboudins, surrounded by a variety of felsic units.  There are 
some quartzites, but the dominant felsic lithology grades between biotite-rich gneiss and a 
massive leucogranite.  The amphibolite and biotite gneiss megaboudins show evidence of shear 
and the injection of felsic melt.  A ten meter-wide basalt dike crosscuts one of the megaboudins.  
Similar dikes in the Beartooth range, and other dikes throughout the region have been studied by 
others (see Harlan et al. 2003), though no definitive geochronology has been determined for this 
dike.  On the far north side of plate 7, there are some highly aluminous schists primarily 
composed of subequal amounts of sillimanite and biotite, with accessory ilmenite, and varying 
amounts of quartz.  The sillimanite crystals are lineated, and the schists are intensely crenulated 
(Fig. 9).  At the left edge of plate 7, there is a sheared quartzite, which grades into 
undifferentiated quartzo-feldspathic gneiss, beyond the view of the figure. 
PETROGRAPHY 
 A representative suite of the major lithologies was collected at the Hellroaring Plateau 
and lower Quad Creek areas.  Emphasis was placed on samples with both peraluminous (pelitic) 
composition and evidence of partial melting.  Field identification of peraluminous migmatites is 
often equivocal.   Many rocks were found that would fit the descriptive definition of migmatites, 
as most of the felsic rocks are gneisses and schists with different degrees of dark and light 
banding. The simplest qualification for a rock to be deemed “peraluminous” would be one that is 
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saturated in aluminum, and thus contains an alumino-silicate (sillimanite), garnet and/or 
cordierite.  Sillimanite is generally found as slender, colorless crystals, which can be difficult to 
find in a hand sample.  However, rocks with aluminous bulk compositions, although not 
necessarily peraluminous, commonly contain attendant biotite and garnet (Fig. 10).   
 The rocks collected exhibit a wide variety of migmatite textures, and range from 
metatexites to diatexites (Tbl. 7).  In the rocks classified as metatexites, discrete light-colored 
leucosomes are set in a darker-colored matrix.  The geometries of the leucosomes vary from 
rounded blebs less than five millimeters across (Fig. 11), to pods stretching several centimeters, 
elongated parallel to the lineation of the rock (Fig. 12).  Many of the leucosomes are 
pytgmatically- or isoclinally-folded.  In most of the metatexites, particularly those with very well 
defined leucosome boundaries, the felsic grains of the leucosomes are noticeably larger than 
those in surrounding domains (Fig. 13).  
 Many of the rocks deemed “diatexites” have much more homogeneous textures, and lack 
the distinct segregation of leucosomes and melanosomes found in the metatexites. Felsic and 
mafic minerals are generally distributed evenly throughout the rocks, though localized 
concentrations of mafic minerals are common.  These diatexites often possess a very consistent 
grain size for both the felsic and mafic minerals.   Some of the other diatexites possess more 
distinct leucosomes and melanosomes, though they are separated on a larger scale, and the 
contacts between them are diffuse (Figs. 14, 15).     
Many of the rocks contain fairly distinct leucosome/melanosome boundaries, and it was 
possible to determine individual mineral assemblages for each domain.  For other samples with 
poorly-defined leucosome/melanosome boundaries, this separation was not made.  The major 
mineral assemblages for the aluminous migmatites used in this study are shown in table 7.  
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Figure 9.  Cross-polarized light photomicrograph of intensely crenulated sillimanite-biotite schist 
from the lower Quad Creek area.   
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Figure 10.  Slab of a typical metaluminous metatexite (QC02-08) from the lower Quad Creek 
area.  The view of the image is approximately 3 cm across.  The leucosomes are primarily quartz 
and plagioclase, while the melanosomes are garnet and biotite.  The well-defined 
leucosome/melanosome boundary is typical of the metatexites in this study.   
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Table 7.  Migmatite Mineral Assemblages  
    
Rocks with well defined leucosomes and melanosomes  
Sample Number Type Leucosome Melansome 
987-201 metatexite Qtz + Pl + Kfs + Bt + Grt + Crd + Ms + Sil Qtz + Pl + Bt + Kfs + Grt + Crd + Sil + Ms + Ilm + Zrn 
HP81-177 metatexite Qtz + Pl + Kfs Qtz + Pl + Bt+ Grt + Sil + Mt + Zrn 
HP82-63 diatexite Qtz + Pl + Crd Qtz + Grt + Bt + Sil + Crd 
HP82-65 metatexite Qtz + Pl + minor Kfs Grt + Bt + Sil + Zrn 
HP82-66 diatexite Qtz + Pl + Kfs + Sil + Bt + Crd Grt + Bt + Sil + Crd 
HR02-12 diatexite Qtz + Pl Grt + Bt  
HR02-16 diatexite Qtz + Pl + Kfs + Sil  Grt + Bt + Sil 
HR02-17 diatexite Qtz + Pl (trace) + Grt + Bt Bt + Grt 
HR02-70 metatexite Qtz + Pl + Kfs Grt + Bt + Sil 
QC02-03 metatexite Qtz + Pl + Sil Qtz + Bt + Sill + Ms  
QC02-04 metatexite Qtz + Pl Qtz + Pl + Bt + Grt 
QC02-08 metatexite Qtz + Pl Qtz + Pl + Bt + Grt + Tur 
QC02-35 diatextite Qtz + Pl + Kfs + Ms Bt + Sil 
QC02-37b metatexite Qtz + Pl Qtz + Pl + Bt + Grt + Crd + Zrn 
QC02-42 metatexite Qtz + Pl + Bt + Sil Qtz + Pl + Bt + Sil + Grt + Crd + Zrn 
QC02-44 metatexite Qtz + Pl + Bt + Ms Qtz + Pl + Grt + Bt + Crd 
    
Rocks with poorly definted leucosomes and melanosomes Mineral Assemblage 
HR02-42 diatexite  Qtz + Pl + Bt + Gar + Sil 
QC02-02 diatexite  Qtz + Pl + Bt + Grt + Crd  
QC02-37c diatexite  Qtz + Pl + Bt + Grt 
QC02-39 diatexite  Qtz + Pl + Bt + Grt + Crd + Sil 
QC02-40 both  Qtz + Pl + Bt + Grt + Ms (trace) + Tur 
HP82-57 metatexite  Qtz + Pl + Bt + Gt + Crd + Ilm + Zrn 
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Figure 11.  Scanned slab of cordierite-bearing metatexite (sample QC02-37b).  The leucosomes 
are small, rounded blebs containing quartz and plagioclase.  Most of these leucosomes are four to 
five millimeters wide.  At the top left, are some slightly larger, elongated leucosomes.  Sample is 
fifteen centimeters long.  
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Figure 12.  Peraluminous metatexite HP82-65 from Hellroaring Plateau (2 cm x 4 cm).  
Discontinuous leucosomes through the center and along the top edge are mostly quartz, 
plagioclase, and microcline.  The melanosomes are dominated by garnets set in an intergrown 
matrix of elongate biotite and sillimanite grains.  
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Figure 13.  Cross-polarized light photomicrograph of peraluminous metatexite HP82-65 from 
Hellroaring Plateau area.  This cross section approximately perpendicular to foliation provides a 
survey of the various sub-domains of the rock.   
A)  Coarse sillimanite bundles intergrown with biotite and garnet.   
B)  Leucosome domain contain massive elongated quartz, plagioclase and microcline grains.  
The grain size in these domains is noticeably larger than in surrounding domains.   
C)  Finer-grained felsic components—primarily quartz, with some plagioclase.  Crystals are 
mostly equant.   
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 The melanosomes are dominated by garnet and biotite, and vary in geometry from thin 
stripes a few grains wide, to dense accumulations of garnet and biotite several centimeters 
across.  In the melanosomes of peraluminous samples, elongated sillimanite grains are 
intergrown with biotite, and often concentrated around the edges of leucosomes, particularly in 
the metatexites (Figs. 12, 13).  Sillimanite/biotite intergrowths are also found in the 
peraluminous diatexites, though they are more randomly distributed and not confined to 
leucosome margins or melanocratic domains.  Most garnets are large and anhedral, and contain 
many inclusions.  Quartz is the most common inclusion, though biotite, rutile, ilmenite, and 
crenulated biotite are also present.  In the metaluminous diatexites, garnets are located randomly, 
but are frequently surrounded by biotite.  The melanosomes of many samples contain appreciable 
amounts of quartz and plagioclase.  In some samples, it is difficult to determine the degree to 
which these felsic minerals are included in the melanosomes, as it is dependent on the arbitrary 
delineation of what is considered the actual leucosome/melanosome boundary.  However, for 
other rocks, particularly the diatexites, quartz and plagioclase are included in distinctly 
melanocratic domains.  Cordierite is found in both the leucosomes and melanosomes, and is 
heavily altered to pinite. 
 The leucosomes are dominated by quartz and all contain plagioclase in varying amounts.  
Some leucosomes contain large amounts of potassium feldspar, while others have none, or only 
trace amounts.  Sillimanite is present in the leucosomes of some peraluminous samples, though it 
is more commonly concentrated in the melanosomes (Fig. 16).  In the diatexites that exhibit 
some discernable segregation of the leucosomes and melanosomes, garnet and biotite may be 
found in the leucosomes, though it is concentrated in the melanosomes.   
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Figure 14.  Potassium feldspar and sillimanite-bearing diatexite (HR02-16) from the Hellroaring 
Plateau area.  A) Slab (10 cm x 6 cm) of the rock showing leucosome and melanosome areas.  B) 
Thin section of a leucosome area under cross-polarized light.  C) Thin section in cross-polarized 
light of the transition from the felsic leucosome area (bottom) to the biotite-rich melanosome 
(top).    
 63
 
Figure 15.  Scanned slab of a nebulitic diatexite from the lower Quad Creek area (sample QC02-
35).  The leucosomes are composed of quartz, plagioclase, and potassium feldspar.  The 
melanosomes are composed of intergrowths of biotite and sillimanite.  Sample is twenty 
centimeters long. 
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 Although this study is primarily concerned with rocks of an approximately pelitic 
composition, peripheral evidence of anatectic activity exists in other lithologies.  Figure 17 is 
scan of an amphibolite with felsic veins from the Hellroaring Plateau area.  There are veins of 
felsic material that cut randomly across the rock, yielding a phlebitic to agmatitic structure.  
There is a notable change in color and texture that occurs in the host rock within an 
approximately one-centimeter margin of the veins.  This color change marks a front in which 
relatively massive orthopyroxene (Fig. 18) is the dominant mafic mineral, replacing hornblende.  
Areas beyond this front (more distant from the veins) are dominated by strongly foliated 
hornblende.   
CATHODOLUMINESCENE IMAGING 
Sillimanite was examined using cathodoluminescence imaging to search for evidence 
detailing the growth and resorption history of the mineral.  Cold-cathode cathodoluminescence 
imaging reveals that sillimanite grains in samples HP82-65 and QC82-2 luminesced a strong red 
(Fig. 19).  
 Cathodoluminescence Scanning-Electron Microscopy (CL-SEM) was used to better 
characterize the spatial relations of the luminescence by providing improved resolution and 
magnification capabilities (compared to the cold-cathode method).  Figure 20 shows a CL-SEM 
photomicrograph of sillimanite grains from HP82-65, a metatexite.  The larger grains are very 
strongly luminescent at the grain edges, with quasi-concentric bands of decreasing luminescence 
toward the center of the grain.  Additional streaks of high luminescence run perpendicular from 
the grain boundary and terminate into the low luminescence zone that comprises the bulk of the 
crystal’s core.  Some of the smaller sillimanite grains in figure 20 display intense luminescence, 
that is homogeneous across the crystal.  Figure 21 shows a cluster of sillimanite grains in  
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Figure 16.  Sample HP81-177, peraluminous, magnetite-bearing metatexite collected from near 
Hellroaring Creek.  A) The scanned chip (4 cm x 2 cm) used for making the thin section, with 
labels corresponding to the areas where the photomicrographs B,C,D, and E  were taken under 
cross-polarized light.  B) Coarse-grained massive microcline grains that are a primary constituent 
of the leucosomatic domains.  C) Fine grained quartz and foliated, chloritized biotite with sparse, 
small microcline representative of the melanosome further away from the leucosome.  D) Large 
bundles of elongate sillimanite grains, large isotropic garnets and felsic minerals (mostly quartz) 
located in a darker colored area between to two leucosomes.  E) Relatively massive biotite, 
twinned plagioclase, and quartz, located proximal to a leucosome.   
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Figure 17.  Slab of phlebitic/agmatitic amphibolite approximately 12 cm x 6 cm.  Note felsic 
veins, and discoloration of the darker colored rock immediately surrounding veins.   
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Leucosomatic veins dominated by quartz, with garnet and sericite
Boundary to veins where amphibole has been dehydrated to pyroxene and altered
Amphibolite host-rock dominated by hornblende
Figure 18.  Thin section of an amphibolite from Hellroaring Plateau scanned using plane-
polarized light (A) and a diagrammatic representation (B).  The host rock is a hornblende 
bearing amphibolite.  The hornblende has been dehydrated along the edges of the felsic 
injections. 
A) Scanned thin section B) Diagrammatic view
1 mm
 
 70
QC82-02, an aluminous schist, producing red luminescence.  Many of the grains are the most 
intensely luminescent along the edges of the grains, and some grains are more luminescent along 
both their rims and cores, with a band of lower luminescence separating the two.   
CHEMICAL ANALYSIS 
Electron microprobe analyses of garnet, biotite, and sillimanite established the chemical 
character of the grains, determined the nature of chemical zoning, and provided input for the 
pressure/temperature calculations.  When appropriate, these were supplemented by mineral 
analyses obtained previously (Henry, unpublished data) on this suite of samples. 
Garnet Analyses     
All garnets (Appendix A) analyzed were determined to be iron-rich with an average of 
70% almandine component (Tbl. 8).  The garnets also contained substantial magnesium, with an 
average of 23% pyrope component.  The calcium concentration varied widely, from 2% to 18% 
grossular component.  The spessartine (manganese) component was generally very low, with a 
maximum of 6%.  Many of the garnets analyzed were mildly zoned, and become slightly iron-
enriched (and relatively magnesium poor) towards the edges of the grains.     
Table 8.  Garnet Composition Statistics  
 Minimum Maximum Average 
Pyrope 8% 30% 23% 
Almandine 63% 84% 70% 
Spessartine 1% 6% 3% 
Grossular 2% 18% 4% 
 
Figure 22 is a plot of the compositional changes across a mildly zoned garnet in sample 
QC02-02, a peraluminous diatexite.  Although the almandine component is dominant across the 
entire grain, the amount of iron present in the core of the grain is slightly less than in outer areas 
of the grain.  This is mirrored by a slight enrichment in the magnesium (pyrope) end-member at  
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Figure 19.  Cold-cathode cathodoluminescence photomicrograph of sample QC82-02, a pelitic 
schist from the lower Quad Creek area.  The greenish/white grains are plagioclase, the black 
grains are biotite, and the red grains are sillimanite.   
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Figure 20.  Cathodoluminescence-Scanning Electron Microscopy (CL-SEM) image of HP82-65 
showing heterogeneous red luminescence of sillimanite grains.  The cores of the larger grains are 
essentially non-luminescent.  Outside this anhedral core is a semi-concentric zone of moderate 
red luminescence.  Along many of the grain boundaries rim of very intense luminescence.  This 
intense luminescence also follows fractures originating from the edge of the crystal.  Faint blue 
luminescence of microcline grains can also be seen.   
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Figure 21.  CL-SEM photomicrograph of elongate sillimanite grains in sample QC82-02.   
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the core of the grain.  At the edges of the grain, there is a very marked reduction in the iron 
content, and a strong enrichment of the magnesium component.  In contrast to the grain from 
sample QC02-02 presented in figure 22, figure 23 shows a garnet from sample 987-201, with 
very little zoning.  
Biotite Analyses  
Electron microprobe analysis determined that the biotite grains in all the samples have a 
similar composition (Fig. 24, and Appendix B).  These biotites are fairly aluminous, with most 
having between 3.2 and 2.4 apfu aluminum.  Most of the biotite grains analyzed contain subequal 
amounts of iron and magnesium.  The most magnesian biotite analyzed has a Mg/(Mg + Fe) of 
0.63, while the most iron-rich has a Mg/(Mg + Fe) of 0.29.  Titanium levels in most samples 
were consistent, averaging about 0.23 apfu.    
Sillimanite Analyses  
Microprobe traverses were performed across sillimanite grains in sample HP82-65 and 
QC82-2 to determine which chemical variations may be related to heterogeneous 
cathodoluminescence patterns found in the grains (Figs. 20, 21, Appendix C).  For sample HP82-
65, 28 points were analyzed across a single sillimanite grain at 7.5 µm intervals (Fig. 25).  This 
grain was chosen for analysis because of its large size, and the several regions of different 
luminescence found within the crystal.  Silicon and aluminum levels were essentially consistent 
across the grain, while iron and chromium vary significantly.  Along the edges of the grain, 
which display intense red cathodoluminescence, iron levels approach 6000 ppm, while only 
present at about 3000 ppm in the grain’s non-luminescent core (Fig. 26).  Chromium greater than 
1000 ppm was found along the edges, while being below detectable limits at the core of the 
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Figure 22.  Garnet traverse results from sample QC02-02 
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Figure 23.  Garnet traverse results from sample 987-201
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Figure 24.  Biotite Mg / (Mg + Fe) vs. Al relations.  Circles indicate metaluminous samples, 
while crosses indicate peraluminous samples.   
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Figure 25.  CL-SEM image of sillimanite grain from sample HP82-65 used for electron 
microprobe chemical analysis.  The white line indicates the path of the traverse.  Twenty-eight 
points were sampled, starting at the left edge of the crystal.   
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crystal (<100 ppm).  Ti and Mn were not found in detectable (>50 ppm) quantities anywhere 
across the grain. 
 QC82-2 (Fig. 27) contains a different and more complex pattern of both chemical zoning 
and zoned luminescence than HP82-65, even though the crystal was much smaller.  Ten points 
were analyzed at three-micrometer intervals.  The iron levels were consistent across the grain, 
though slightly enriched towards the core (~3500- 4000 ppm), while chromium levels were 
enriched at both the rim (600 ppm), and core (1000 ppm).  An area between the core and the rim 
was found to have lower chromium levels of less than 400 ppm.  This pattern of chemical 
zonation is symmetric across the crystal, and the chromium zonation correlates with the 
heterogeneous luminescence pattern found in the grain (Fig. 28).   
  
 
 
 
 
 
   
 
 
 80
3000
3500
4000
4500
5000
5500
6000
0 50 100 150 200
Distance (micrometers)
pp
m
 F
e
0
200
400
600
800
1000
1200
0 50 100 150 200
Distance (micrometers)
pp
m
 C
r
 
Figure 26.  The trace element compositions in a sillimanite grain from sample HP82-65 with the 
red cathodoluminescence levels produced by the grain.  The red background of the graphs 
indicates the cathodoluminescent amplitude:  on the outside edges of the crystal, the 
luminescence is very intense, followed by an inner ring of lower red luminescence.  The core of 
the crystal contains very low levels of iron and chromium and is essentially non-luminescent.  
The analysis traverse is shown in figure 25.    
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Figure 27.  CL-SEM image of sillimanite grain from sample QC82-2 that was chemically 
analyzed by electron microbe.  Twelve points were analyzed at an interval of approximately 3 
µm.  The crystal is roughly 40 µm in diameter.   
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Figure 28.  The trace element compositions in a sillimanite grain from sample QC82-2 with the 
red cathodoluminescence levels produced by the grain.  The red background of the graphs 
indicates the cathodoluminescent amplitude:  on the outside edges of the crystal, the 
luminescence is very intense and correlates to elevated levels of chromium, followed by an inner 
zone of lower red luminescence, with lower levels of chromium.  The core of the crystal contains 
high levels of chromium and is strongly luminescent.  There is poor correlation between the iron 
content across the grain and the luminescence levels produced.  The analysis traverse is shown in 
figure 27.   
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DISCUSSION 
GEOTHERMOBAROMETRY 
 The pressure/temperature path of the peraluminous migmatites of the eastern Beartooth 
Mountains can be inferred by a combination of geothermobarometry and the application of 
quantitative petrogenetic grids for metapelite anatexis.  The mineral chemistry data obtained in 
the study and the previously-determined mineral analyses provide the data necessary for the 
geothermobarometric determination of pressure and temperature.  The TWQ multi-equilibrium 
approach of Berman (1999) is the most useful because the thermodynamic data is internally 
consistent and an array of equilibria can be simultaneously evaluated.  Results of 
geothermobarometric analysis (Tbl. 9) of a variety of aluminous migmatites from the study 
suggest that the peak conditions attained by the rocks were 795 +/- 42° C and 7.0 +/- 0.9 kbar.  
These conditions were derived primarily by using the garnet-biotite geothermometer and the 
garnet-aluminosilicate-quartz-plagioclase (GASP) geobarometer.  
 The garnet/biotite geothermometer is controlled by an iron/magnesium exchange reaction 
that is strongly dependent on temperature, but almost completely independent of pressure.  The 
reaction:  
Phlogopite + Almandine à Annite + Pyrope  
selectively partitions magnesium into the garnet species with increasing temperatures.  Likewise, 
biotite becomes more iron rich (closer to the annite end-member) at higher temperatures.  Figure 
29 is an example using the TWQ 2.02b computer program to place this reaction in 
pressure/temperature space.  Using chemical data from the core of a garnet and coexisting biotite 
in sample QC02-37B, the TWQ program places this reaction at around 800° C (assuming 7 kbar 
pressure), which is interpreted to represent peak conditions.  In contrast, when the  
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Table 9.  Results of Geothermobarometry Garnet/Biotite GASP 
Sample Lithology  Temperature (°C) Pressure (kbars) 
QC02-37B metatexite  825  
QC02-37B metatexite  775  
QC02-02 diatexite  900  
QC02-02 diatexite  800  
HR02-12 diatexite  800 7.4 
HP81-177 metatexite  825  
HR02-17 diatexite  800  
HR02-17 diatexite  800  
987201 metatexite  850 5.7 
987201 metatexite  800  
HP82-74 Opx-bearing quartzite  792 5.9 
HP82-74 Opx-bearing quartzite  771 7.4 
HP82-74 Opx-bearing quartzite  710 7.6 
HP82-63 diatexite  745 6.4 
HP82-63 diatexite  770 7 
HP82-66 diatexite  775 7.5 
QC02-08 metatexite  780 8.4 
     
Average   795 7.0 
St. dev.   42 0.9 
 
geothermometer is applied to garnet rim data from the same sample (using the same biotite 
chemistry), the temperature indicated (Fig. 30) is ~675° C (assuming 7 kbar).  Recalling figure 
22, many of the garnets from this study are zoned so that the rims are enriched iron, and 
somewhat depleted in magnesium, which suggests that the rims of these garnets have partially 
re-equilibrated at lower temperatures encountered after peak conditions were attained.   
The net-transfer reaction: 
 Grossular + Quartz + Silica à 3 Anorthite  
is dependent on both pressure and temperature conditions (the equilibrium reaction boundary is 
sloped in P/T space).  The intersection of this reaction boundary with the garnet-biotite exchange  
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Figure 29.  TWQ-generated graph of the phlogopite + almandine à annite + pyrope transition 
based on core garnet and biotite chemisical data from sample QC02-37B.   
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Figure 30.  TWQ-generated graph of the phlogopite + almandine à annite + pyrope transition 
based on rim garnet and biotite chemistry data from sample QC02-37B.   
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equilibrium boundary generates a point in pressure/temperature space indicative of the 
equilibrium point of the mineral compositions present.  Figure 31 is a plot in 
pressure/temperature space generated by the TWQ program using mineral data from garnet, 
biotite, and plagioclase from sample 987-201, a peraluminous rock from the Hellroaring Plateau.  
The intersection of the garnet/biotite and GASP reaction boundaries is at ~825° and 5.8 kbar.  
This is in general agreement with previous determinations of the peak conditions for a variety of 
lithologies, which suggests that these rocks experienced granulite-grade metamorphism at a 
temperature of about 800° and 6 kbar of pressure (Henry et al. 1982, and Henry, unpublished 
data). 
PRESSURE/TEMPERATURE TRAJECTORIES AND A QUANTITATIVE 
PETROGENETIC GRID FOR METEPELITIC ANATEXIS 
 
The Spear et al. (1999) petrogenetic grid provides the framework to make determinations 
of probable pressure/temperature paths.  By combining the geothermobarometry data, the 
mineral assemblages and textures present, and the quantitative petrogenetic grid for metapelitic 
rocks, it is possible to ascertain a pressure/temperature path for the rocks with high certainty.   
Spear et al. (1999) describe several pressure/temperature path scenarios in relation to the 
progression of mineral assemblages and textures that can be related to natural migmatites.  The 
mineral assemblages, mineral textures, inclusions in the refractory minerals (e.g. garnet), and 
mineral zoning characteristics can precisely define the pressure/temperature/deformation 
conditions when related to the grid.  For instance, a metapelite experiencing a five-kilobar, 
isobaric prograde and retrograde pressure/temperature path that undergoes partial melting at 
~750°, would be predicted to contain features such as: 
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Figure 31.  Equilibrium reaction boundaries for garnet/biotite geothermometer and GASP 
geobarometer reactions plotted in pressure/temperature space by the TWQ program using 
mineral chemistry data from sample 987-201.  The intersection of the reaction boundaries 
suggests the thermodynamic conditions of the mineral assemblage, assuming these minerals are 
in chemical equilibrium.   
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“…abundant, dispersed leucosomes that may have selvages of biotite + sillimanite and 
cores that contain late muscovite, garnets that are extensively resorbed, very little K-
feldspar, and late muscovite that cuts across the fabric.”  
 
The textures and features observed in the rocks of this study are similar to those that would be 
created by this pattern of isobaric heating followed by isobaric cooling.  However, evidence 
exists that suggests the metamorphic history of these rocks is more complex. 
 The prograde metamorphic path experienced by the rocks is interpreted to involve 
heating at pressures greater than four kilobars.  This results in a pressure/temperature trajectory 
above the invariant point IP1”on the petrogenetic grid.  Below this pressure, dispersed 
porphyroblasts of potassium feldspar would be expected, created by the reaction: 
 Muscovite + Albite + Quartz à Al2SiO5 + K-feldspar + H2O 
However, potassium feldspar porphyroblasts are not observed in these rocks. 
 The first anatectic reaction to be encountered by these rocks would be the muscovite 
dehydration melting reaction, which is the minimum melt reaction for pelites: 
 Muscovite + Albite + Quartz + H2O à Al2SiO5 + Melt 
However, due to the assumptions of the petrogenetic grid regarding the availability of water in 
the system, this reaction is not an avenue of significant melt-generation.  Further heating will 
result in muscovite dehydration reactions that are capable of producing melts by the reaction: 
 Muscovite + Plagioclase + Quartz à  Al2SiO5 + K-feldspar + Melt 
Although the dehydration of muscovite may be capable of producing melt, the high temperatures 
indicated by the geothermobarometry will also dehydrate biotite.  The continuous reaction: 
 Biotite + Sillimanite à Garnet + K-feldspar + Melt 
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operates across a broad pressure/temperature range and is capable of producing large volumes of 
melt.  Both of these biotite dehydration melting reactions are likely responsible for the initial 
growth of garnet in the rocks.  The discontinuous reaction: 
 Biotite + Sillimanite à Garnet + Cordierite + Melt 
is capable of significant melt-generation, and is likely the source of the cordierite found in many 
of the samples from the lower Quad Creek area.  This reaction will be encountered when the 
system reaches 750° to 775°, assuming 5 kbar of pressure.  Per the assumptions of the 
petrogenetic grid, all water evolved by the dehydration of these minerals will be dissolved in the 
melt phase.   
 Textural and mineral assemblage evidence exists that at near peak or perhaps after peak 
temperatures are attained, there is an increase in pressure.  The continuous reaction: 
 Cordierite + K-feldspar à Garnet + Sillimanite + Melt 
would produce further growth of garnet and sillimanite.  Evidence of simultaneous growth of 
garnet and sillimanite, contemporaneous with deformation is the strongly deformed sillimanite 
grains included in garnet (Fig. 32).  Ilmenite inclusions are found in the cores of some garnet 
grains, while garnet rims include rutile, a higher-pressure titanium-bearing phase.  This suggests 
a shift to a higher pressure regime during the later stages of garnet growth (Bohlen 1983, Bohlen 
and Liotta 1986).  Further evidence of this reaction is sillimanite replacement of potassium 
feldspar, particularly at grain boundaries with cordierite (Fig. 33). 
The generation of a non-mobilized melt phase produces a local sink for volatile 
components that may otherwise leave the system.  As temperatures increases and further melting 
produces a higher volume of magma, the relative amount of H2O in the magma will decrease.  
While the granitic magma formed near the water-saturated melt reaction may contain greater  
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Figure 32.  Cross-polarized light photomicrograph of deformed sillimanite grains included in 
garnet, suggesting a syntectonic, pressure driven reaction that produces garnet and sillimanite.   
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Figure 33.  Cross-polarized light photomicrograph of sillimanite replacing k-feldspar and 
plagioclase/quartz myrmekites at a boundary with pinitized cordierite.   
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than ten weight percent H2O, as the system reaches 800° C and 7 kbars, the H2O content of the 
magma decreases to below four percent (Holtz and Johannes 1994, and Spear et al. 1999).  This 
relatively “dry” melt has the greatest chance of mobilization, due to its high melt volume.  The 
low water content of these dry magmas may be responsible for the creation of granulites by 
locally dehydrating amphiboles and other hydrous minerals in migmatites formed by the 
injection of this highly water-undersaturated magma (Fig. 17).   
As cooling began the retrograde path of the rocks, the non-mobilized, melted components 
crystallized into the distinctive leucosomes now observed in the rocks.  As these leucosomes 
crystallized, the volatiles dissolved in the magma would be released back in to the system, 
allowing for “back-reaction”, or reversal of prograde metamorphic reactions.  The reversal of the 
biotite dehydration melting reactions will create new biotite growth, and a third generation of 
sillimanite through the reactions: 
 Garnet + Cordierite + H2O à Biotite + Sillimanite 
 Garnet + K-feldspar + H2O à Biotite + Sillimanite 
The release of this dissolved water from the crystallizing leucosomes resulted in the dense 
intergrowths of biotite and sillimanite that are found along the edges of the leucosomes in many 
of the peraluminous samples (Fig. 12).  The retrograde consumption of garnet has left very 
anhedral garnet crystals typically surrounded by biotite (Fig. 34).  These retrogressive reactions 
are interpreted to be post-kinematic, as large, randomly oriented sillimanite crystals are found, 
some of which are nucleated upon cores of earlier, foliated sillimanite. 
 These retrograde reactions undoubtedly impact the degree of chemical equilibrium.  
Titanium concentrations in biotite, which serve as a geothermometer for pelitic rocks, indicate 
temperatures of 550° to 650° C (Fig. 35).  The lower temperature suggested by the titanium  
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Figure 34.  Cross-polarized light photomicrograph of intergrown biotite and sillimanite grains 
between anhedral garnets, suggesting dissolution of garnet, and retrograde rehydration reactions 
producing biotite and sillimanite.   
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concentrations may be due to localized resetting during cooling, or may be indicative of the 
temperature of formation of biotite during the retrograde path (Henry et al., in press).           
 To summarize (Fig. 36), the minerals textures and compositions in the peraluminous 
migmatites, in combination with the geothermobarometry are consistent with those that would 
develop during roughly isobaric heating at pressures greater than four kilobars (above invariant 
point IP1”).  This heating induced dehydration of biotite catalyzing the partial melting of the 
rocks.  The water evolved by this reaction was dissolved in the melt phase created.  After 
reaching the 800° C thermal maximum, an increase in pressure to approximately seven kilobars 
resulted in further crystallization of garnet and sillimanite.  As the rock cooled, melt generated 
by the biotite dehydration crystallized in situ producing the leucosomes now found in the 
migmatites.  Crystallization of the leucosomes expelled the water dissolved in the magma, 
allowing retrograde formation of biotite and sillimanite, particularly at leucosome boundaries.     
HETEROGENEOUS GROWTH AND DISSOLUTION OF SILLIMANITE 
Many sillimanite grains in the peraluminous rocks from both the Quad Creek and 
Hellroaring Plateau areas display zonation and complex structures when viewed in 
cathodoluminescence (Figs. 20, 21).  Chemical analysis of these grains revealed a systematic 
heterogeneity of chromium directly correlative with the intensity of red cathodoluminescence in 
various areas of the crystals.  This is consistent with the findings of Wojtowicz and Lempicki 
(1989) that suggest that trace chromium is the likely chromophore that produces red 
luminescence in sillimanite.  The exact source of the included chromium has not been 
determined.  Chromite deposits are found throughout the area; some in close proximity with the 
metasedimentary units (Plate 5).  However, biotite in the migmatites contain 0.01-0.3 weight 
percent Cr2O3 and may be the local chromium source. 
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Figure 35.  Titanium levels in garnet, and superimposed isotherms of the Ti-in-biotite 
geothermometer indicate temperatures of 550° to 650° C (Henry et al., in press). 
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Figure 36.  Quantitative petrogenetic grid adapted from Spear et al. (1999) showing dehydration 
reactions (gold), water-saturated melting reactions (orange), dehydration melting reactions (red), 
and aluminosilicate polymorph boundaries (blue) in pressure-temperature space.  The gray 
arrows suggest that approximate pressure/temperature path experienced by the rocks in this 
study.  The black box indicates the results and standard deviation of the geothermobarometry.   
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The semi-concentric bands of heterogeneous luminescence found in the sillimanite grains 
may be evidence of multiple growth and dissolution stages in different chemical environments.  
Sillimanite growth and dissolution can be considered in terms of the discontinuous and 
continuous reactions encountered during the established pressure/temperature path. 
Sillimanite is first generated in pelitic rocks by a variety of metamorphic reactions.  
Staurolite breakdown reactions may create sillimanite at temperatures above 600° C (Spear et al. 
1999).  However, initial sillimanite growth in the rocks from this study is likely the product of 
muscovite dehydration melting reaction: 
Muscovite + Quartz + H2O à Al2SiO5 + Melt 
The dehydration of muscovite is considered to be the source of the low-luminescence cores 
found in many of the large sillimanite grains found at both the Hellroaring Plateau and lower 
Quad Creek areas (Fig. 25).  Although this key melting reaction produces sillimanite, other, 
higher temperature melting reactions also consume it.  As temperatures increase on the prograde 
metamorphic path, continuous and discontinuous biotite dehydration melting reactions occur that 
consume sillimanite.  Destabilization of sillimanite results in the dissolution of the initial 
sillimanite, now manifest as the anhedral, low-luminescence cores of the extent sillimanite 
grains.     
 As the rock cooled, release of dissolved water by the crystallizing leucosomes allowed 
reversal of the biotite dehydration melting reactions that had previously consumed sillimanite.  
Retrograde of sillimanite was created by the reactions: 
 Garnet + Cordierite + H2O à Biotite + Sillimanite 
 Garnet + K-feldspar + H2O à Biotite + Sillimanite  
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This sillimanite nucleated on the anhedral cores of the first-generation sillimanite, and 
incorporated slightly higher levels of chromium.  Evidence of this second generation of 
sillimanite growth is the semi-concentric band of moderately luminescent sillimanite seen in 
figure 20.  The luminescence level in this domain corresponds to chromium levels of about 400 
ppm.   
The outer rims of many of the sillimanite crystals produce intense red luminescence, 
corresponding with very high levels of chromium (>1000 ppm).  This is interpreted to be the 
result of late-stage mineral replacement caused by interaction with a chromium-enriched fluid 
phase.  While the outer few micrometers of the sillimanite are intensely luminescent, this intense 
luminescence is also founded deeper in the crystal along fractures originating from the outside of 
the grain.  These fractures may have allowed the chromium-rich fluid to migrate further in to the 
crystal.  A late-stage, chromium-enriched fluid migration event is consistent with the 
concentrations of chromium-rich muscovite found throughout the metasedimentary units, 
particularly along fractures.   
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CONCLUSIONS 
 Based on mineral textures, mineral chemistry, and calculated 
pressure/temperature conditions, anatexis of the peraluminous rocks of the Hellroaring 
Plateau and lower Quad Creek areas of the eastern Beartooth Mountains can be explained 
by biotite dehydration melting.  The subsequent in situ crystallization of these melts 
during cooling of the rocks created the abundant leucosomes present.  The crystallization 
of these leucosomes released water dissolved in the melt, allowing the formation of 
retrograde biotite and accompanying sillimanite by the reversal of the biotite-dehydration 
melting reactions.    
 Geothermobarometry, and mineral textures and inclusions present are consistent 
with roughly isobaric (~6 kbars) heating to a temperature of ~800° C, followed by near-
isothermal compression to seven kilobars pressure, and subsequent cooling below 
muscovite stability.  The tectonic implication of such a pressure and temperature path, 
roughly counterclockwise in pressure/temperature space, suggests a thermal event likely 
involving local emplacement of granitic plutons, followed by magmatic crustal 
thickening and subsidence, and later unroofing.  
The novel interpretation of heterogeneous cathodoluminescence patterns found in 
sillimanite provides additional evidence for growth and dissolution of sillimanite.  The 
cathodoluminescence patterns reveal initial sillimanite production and later consumption, 
interpreted to have occurred during the biotite-dehydration melting reactions.  Further 
sillimanite growth occurred post-tectonically during retrograde metamorphism.  
Interaction with a chromium-enriched, late-stage fluid caused mineral replacement along 
the grain boundaries, which included high (~1000 ppm) levels of chromium.  The 
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preservation of these trace-element heterogeneities through a granulite-grade 
metamorphic cycle suggests that the chemistry of sillimanite is extremely robust, unlike 
garnet, whose heterogeneities are often used to monitor metamorphic evolution (Spear 
1995), but may homogenize due to volume diffusion at such high grades (Anderson and 
Buckley 1973, Woodsworth 1977).     
Although the interpretation of their textures is challenging and arguably 
ambiguous (Brown 2002), this study has underscored the importance of retrograde 
processes in migmatite formation.  The anatexis that fosters formation of the leucosomes 
is a prograde reaction, though their crystallization likely occurs on the retrograde path.  
The ability of the leucosomes to provide a localized water sink creates a type of semi-
closed system not attainable in other metamorphic environments with strictly solid-state 
processes.  The melanosomes of the peraluminous rocks of this study are volumetrically 
dominated by biotite and sillimanite, the bulk of which is interpreted to have formed 
along the retrograde path.  If the mechanism for migmatite formation in this system is 
representative of that of other pelitic migmatite systems, it suggests that the melanosome, 
a conceptually and volumetrically significant element of migmatites, is formed primarily 
by retrograde processes.     
Historical significance is added to this study by the field area’s importance to the 
evolution of geology as a science.  In particular, the Hellroaring Plateau and Quad Creek 
areas have enjoyed fifty years of research related to the processes and features associated 
with the genesis of granitic magmas, and the nexus of metamorphic and igneous 
petrology.  Although the interpretations and conclusions of “the granitizers” who studied 
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the area may have been disproved, their work laid the foundation for this study, and 
others yet to come.     
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Rock QC02-02 QC02-02 QC02-02 QC02-02 QC02-02 QC02-02 QC02-02 QC02-02
Grain 1 1 1 1 1 1 1 1
Pt# 2 3 4 5 6 7 8 9
SiO2 39.90 37.77 37.99 37.66 37.67 38.00 38.40 37.69
Al2O3 23.6 21.3 21.1 21.3 21.4 21.1 21.4 21.4
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cr2O3 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1
FeO 26.1 32.8 33.2 32.5 32.8 31.6 31.7 31.5
MnO 1.0 1.4 1.6 1.6 1.5 1.5 1.4 1.6
MgO 6.9 5.6 5.8 6.0 5.7 6.3 6.5 6.7
CaO 0.9 1.2 1.2 1.4 1.3 1.3 1.2 1.0
Total 98.3 100.0 101.1 100.5 100.6 100.0 100.7 99.9
X(mm) 4.189 4.363 4.538 4.712 4.887 5.061 5.236 5.411
Y(mm) 32.873 32.875 32.876 32.877 32.879 32.88 32.881 32.883
Date 4/14/03 4/14/03 4/14/03 4/14/03 4/14/03 4/14/03 4/14/03 4/14/03
Si  3.08 2.99 2.99 2.97 2.97 3.00 3.00 2.98
Al  2.15 1.99 1.96 1.98 1.99 1.97 1.97 1.99
Ti  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr  0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.00
Fe2+ 1.69 2.17 2.18 2.15 2.17 2.09 2.07 2.08
Mn2+ 0.064 0.092 0.105 0.106 0.103 0.102 0.091 0.108
Mg  0.79 0.66 0.68 0.70 0.67 0.74 0.76 0.78
Ca  0.07 0.10 0.11 0.12 0.11 0.11 0.10 0.09
Pyrope 30.3% 21.9% 22.0% 22.8% 22.1% 24.4% 25.0% 25.6%
Almandine 64.5% 71.8% 71.2% 69.9% 71.0% 68.6% 68.6% 68.0%
Spessartine 2.4% 3.0% 3.4% 3.5% 3.4% 3.3% 3.0% 3.5%
Grossular 2.8% 3.4% 3.4% 3.8% 3.6% 3.7% 3.4% 2.9%
Position (microns) 0 174 349 523 698 872 1047 1222
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APPENDIX A:  GARNET ANALYSIS DATA
Rock QC02-02 QC02-02 QC02-02 QC02-02 QC02-02 QC02-02 QC02-02 QC02-02
Grain 1 1 1 1 1 1 1 1
Pt# 11 13 15 16 17 18 19 20
SiO2 38.07 37.76 37.85 38.20 37.86 37.56 37.75 37.78
Al2O3 21.5 21.5 21.4 21.6 21.3 21.3 21.4 21.3
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cr2O3 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.0
FeO 31.4 31.5 31.1 31.6 31.5 31.8 31.7 32.0
MnO 1.5 1.6 1.7 1.6 1.8 1.7 1.4 1.4
MgO 6.7 6.7 6.8 6.8 6.7 6.5 6.2 6.2
CaO 0.8 0.8 1.0 1.0 1.0 1.2 1.3 1.4
Total 100.1 100.0 99.8 100.7 100.1 100.1 99.9 100.1
X(mm) 5.76 6.109 6.458 6.633 6.807 6.982 7.156 7.331
Y(mm) 32.885 32.888 32.891 32.892 32.893 32.895 32.896 32.897
Date 4/14/03 4/14/03 4/14/03 4/14/03 4/14/03 4/14/03 4/14/03 4/14/03
Si  2.99 2.98 2.99 2.99 2.98 2.97 2.98 2.98
Al  2.00 2.00 1.99 1.99 1.98 1.98 2.00 1.98
Ti  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr  0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Fe2+ 2.07 2.08 2.05 2.07 2.08 2.10 2.09 2.11
Mn2+ 0.102 0.109 0.112 0.108 0.117 0.111 0.094 0.095
Mg  0.78 0.79 0.79 0.79 0.78 0.76 0.74 0.73
Ca  0.07 0.07 0.08 0.08 0.08 0.10 0.11 0.12
Pyrope 25.9% 25.9% 26.1% 25.9% 25.6% 24.8% 24.3% 23.9%
Almandine 68.5% 68.2% 67.4% 67.9% 67.9% 68.4% 69.0% 69.2%
Spessartine 3.4% 3.6% 3.7% 3.5% 3.8% 3.6% 3.1% 3.1%
Grossular 2.3% 2.3% 2.8% 2.7% 2.7% 3.2% 3.6% 3.8%
Position (microns) 1571 1920 2269 2444 2618 2793 2967 3142
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Rock QC02-02 QC02-02 QC02-02 QC02-02 QC02-02 QC02-02 QC02-02 QC02-02
Grain 1 1 1 1 2 2 2 2
Pt# 21 22 23 24 1 2 5 6
SiO2 37.75 37.87 37.46 37.77 37.97 37.61 37.69 37.81
Al2O3 21.1 21.1 21.0 21.2 21.7 21.1 21.3 21.4
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cr2O3 0.1 0.1 0.1 0.1 0.0 0.1 0.0 0.2
FeO 31.9 33.4 33.9 33.6 34.1 33.3 32.3 32.2
MnO 1.5 1.5 1.7 1.6 1.9 1.6 1.6 1.6
MgO 6.1 5.1 4.9 5.3 3.9 5.6 6.1 6.2
CaO 1.4 1.2 1.2 1.2 1.0 1.2 1.2 1.3
Total 99.8 100.2 100.3 100.6 100.6 100.5 100.2 100.6
X(mm) 7.506 7.68 7.855 8.029 15.769 15.79 15.854 15.875
Y(mm) 32.899 32.9 32.901 32.903 34.413 34.581 35.084 35.252
Date 4/14/03 4/14/03 4/14/03 4/14/03 4/14/03 4/14/03 4/14/03 4/14/03
Si  2.99 3.01 2.99 2.99 3.01 2.98 2.98 2.98
Al  1.97 1.97 1.98 1.97 2.03 1.97 1.98 1.98
Ti  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr  0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.01
Fe2+ 2.11 2.21 2.26 2.22 2.26 2.21 2.13 2.12
Mn2+ 0.103 0.104 0.115 0.105 0.126 0.105 0.107 0.105
Mg  0.71 0.60 0.58 0.62 0.46 0.67 0.72 0.73
Ca  0.12 0.10 0.10 0.10 0.09 0.10 0.10 0.11
Pyrope 23.5% 20.0% 19.0% 20.3% 15.6% 21.6% 23.5% 23.8%
Almandine 69.4% 73.2% 73.9% 72.9% 77.1% 71.6% 69.6% 69.2%
Spessartine 3.4% 3.4% 3.8% 3.4% 4.3% 3.4% 3.5% 3.4%
Grossular 3.8% 3.4% 3.4% 3.3% 3.0% 3.3% 3.4% 3.5%
Position (microns) 3317 3491 3666 3840 0 169 676 846
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Rock QC02-02 QC02-02 QC02-02 QC02-02 QC02-02 QC02-02 QC02-02 QC02-02
Grain 2 2 2 2 2 2 2 2
Pt# 7 9 10 12 13 15 16 17
SiO2 38.00 36.85 37.88 37.55 37.73 38.62 37.77 38.11
Al2O3 21.6 21.9 21.3 21.4 21.6 21.7 21.4 21.5
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cr2O3 0.1 0.0 0.1 0.0 0.0 0.0 0.1 0.0
FeO 31.9 31.4 31.7 31.5 31.2 31.6 31.3 31.8
MnO 1.7 1.7 1.8 2.0 2.0 2.2 2.3 2.2
MgO 6.3 6.4 6.5 6.5 6.6 6.7 6.6 6.7
CaO 1.2 1.1 1.0 0.9 0.9 0.8 0.8 0.8
Total 100.7 99.3 100.3 99.9 100.0 101.8 100.3 101.2
X(mm) 15.897 15.939 15.96 16.003 16.024 16.067 16.088 16.109
Y(mm) 35.419 35.755 35.923 36.258 36.426 36.761 36.929 37.097
Date 4/14/03 4/14/03 4/14/03 4/14/03 4/14/03 4/14/03 4/14/03 4/14/03
Si  2.98 2.93 2.98 2.97 2.98 2.99 2.98 2.98
Al  2.00 2.05 1.98 1.99 2.01 1.98 1.99 1.98
Ti  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr  0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Fe2+ 2.09 2.09 2.09 2.08 2.06 2.05 2.06 2.08
Mn2+ 0.112 0.113 0.120 0.137 0.131 0.143 0.152 0.146
Mg  0.73 0.76 0.77 0.76 0.77 0.78 0.77 0.78
Ca  0.10 0.09 0.09 0.08 0.07 0.07 0.07 0.06
Pyrope 24.1% 24.9% 25.0% 24.9% 25.4% 25.6% 25.2% 25.4%
Almandine 68.9% 68.5% 68.2% 68.1% 67.8% 67.4% 67.5% 67.7%
Spessartine 3.7% 3.7% 3.9% 4.5% 4.3% 4.7% 5.0% 4.8%
Grossular 3.3% 3.0% 2.8% 2.6% 2.4% 2.3% 2.3% 2.1%
Position (microns) 1014 1353 1522 1860 2029 2367 2536 2705
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Rock QC02-02 QC02-02 QC02-02 QC02-02 QC02-02 QC02-02 QC02-02 QC02-02
Grain 2 2 2 2 2 2 2 2
Pt# 18 19 20 21 22 23 25 26
SiO2 37.94 37.80 38.04 38.05 37.89 38.36 36.91 37.83
Al2O3 21.5 21.4 21.4 21.4 21.4 22.1 21.2 21.6
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cr2O3 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0
FeO 32.0 31.7 31.4 31.0 31.5 31.2 31.3 31.3
MnO 2.1 2.2 2.1 2.4 2.2 2.4 2.2 2.2
MgO 6.7 6.7 6.7 6.6 6.7 6.7 6.6 6.7
CaO 0.7 0.8 0.8 0.7 0.7 0.8 0.9 0.9
Total 101.0 100.6 100.5 100.2 100.4 101.5 99.1 100.4
X(mm) 16.131 16.152 16.173 16.194 16.216 16.237 16.279 16.301
Y(mm) 37.264 37.432 37.6 37.768 37.935 38.103 38.439 38.606
Date 4/14/03 4/14/03 4/14/03 4/14/03 4/14/03 4/14/03 4/14/03 4/14/03
Si  2.97 2.97 2.99 3.00 2.98 2.98 2.95 2.97
Al  1.99 1.98 1.98 1.98 1.98 2.02 1.99 2.00
Ti  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 2.09 2.08 2.06 2.04 2.07 2.02 2.09 2.06
Mn2+ 0.139 0.149 0.143 0.157 0.149 0.157 0.150 0.146
Mg  0.78 0.79 0.79 0.77 0.79 0.77 0.79 0.78
Ca  0.06 0.07 0.06 0.06 0.06 0.06 0.07 0.07
Pyrope 25.4% 25.5% 25.7% 25.5% 25.6% 25.6% 25.4% 25.5%
Almandine 68.1% 67.6% 67.5% 67.3% 67.5% 67.1% 67.4% 67.3%
Spessartine 4.5% 4.8% 4.7% 5.2% 4.8% 5.2% 4.8% 4.8%
Grossular 2.0% 2.2% 2.1% 2.1% 2.1% 2.1% 2.4% 2.4%
Position (microns) 2874 3043 3213 3382 3550 3720 4058 4227
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Rock QC02-02 QC02-02 QC02-02 QC02-02 QC02-02 QC02-02 QC02-02 QC02-02
Grain 2 2 2 2 2 2 2 2
Pt# 27 28 29 30 31 32 33 34
SiO2 38.04 37.81 37.39 37.72 37.78 37.69 37.17 37.78
Al2O3 22.0 21.2 21.5 21.4 21.3 21.3 20.9 21.4
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cr2O3 0.0 0.1 0.0 0.1 0.0 0.0 0.0 0.1
FeO 30.9 31.5 31.6 31.6 32.2 32.6 33.0 33.5
MnO 2.1 2.0 1.9 1.8 1.7 1.7 1.7 1.6
MgO 7.0 6.5 6.5 6.4 6.2 6.0 5.7 5.6
CaO 0.8 0.8 1.0 1.0 1.1 1.2 1.3 1.3
Total 100.8 100.0 99.9 100.0 100.3 100.5 99.7 101.2
X(mm) 16.322 16.343 16.364 16.386 16.407 16.428 16.449 16.471
Y(mm) 38.774 38.942 39.11 39.277 39.445 39.613 39.781 39.948
Date 4/14/03 4/14/03 4/14/03 4/14/03 4/14/03 4/14/03 4/14/03 4/14/03
Si  2.97 2.99 2.96 2.98 2.98 2.98 2.97 2.97
Al  2.02 1.98 2.01 1.99 1.98 1.99 1.97 1.98
Ti  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Fe2+ 2.01 2.08 2.09 2.09 2.12 2.15 2.20 2.20
Mn2+ 0.141 0.132 0.128 0.122 0.116 0.112 0.112 0.107
Mg  0.81 0.77 0.76 0.75 0.73 0.70 0.68 0.65
Ca  0.07 0.07 0.08 0.08 0.09 0.10 0.11 0.11
Pyrope 26.7% 25.2% 24.9% 24.6% 23.8% 22.9% 21.8% 21.3%
Almandine 66.4% 68.1% 68.2% 68.7% 69.4% 70.2% 71.1% 71.7%
Spessartine 4.7% 4.3% 4.2% 4.0% 3.8% 3.6% 3.6% 3.5%
Grossular 2.3% 2.4% 2.7% 2.7% 3.0% 3.3% 3.5% 3.6%
Position (microns) 4396 4565 4735 4903 5072 5242 5411 5579
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Rock QC02-02 987201 987201 987201 987201 987201 987201 987201
Grain 2 A A A A A A A
Pt# 35 1 2 3 4 5 6 7
SiO2 37.73 38.01 37.81 37.53 38.03 38.13 37.63 37.79
Al2O3 21.4 21.4 21.3 21.5 21.5 21.5 21.6 21.5
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cr2O3 0.1 0.0 0.1 0.0 0.0 0.1 0.1 0.0
FeO 33.5 33.9 33.6 33.5 33.8 33.6 33.6 33.5
MnO 1.7 0.9 0.9 0.9 1.0 0.9 0.9 0.9
MgO 5.6 5.3 5.5 5.5 5.5 5.6 5.5 5.5
CaO 1.3 1.1 0.9 0.9 0.8 0.8 0.9 1.1
Total 101.3 100.6 100.2 99.8 100.6 100.5 100.2 100.2
X(mm) 16.492 29.949 29.84 29.73 29.621 29.511 29.402 29.292
Y(mm) 40.116 31.913 31.863 31.814 31.764 31.714 31.665 31.615
Date 4/14/03 3/31/03 3/31/03 3/31/03 3/31/03 3/31/03 3/31/03 3/31/03
Si  2.97 3.00 2.99 2.98 3.00 3.01 2.98 2.99
Al  1.98 1.99 1.99 2.02 2.00 1.99 2.01 2.01
Ti  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr  0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Fe2+ 2.21 2.24 2.23 2.22 2.23 2.22 2.23 2.22
Mn2+ 0.110 0.062 0.060 0.060 0.067 0.057 0.060 0.061
Mg  0.65 0.62 0.64 0.65 0.64 0.65 0.65 0.64
Ca  0.11 0.09 0.08 0.08 0.07 0.07 0.08 0.09
Pyrope 21.2% 20.6% 21.4% 21.5% 21.3% 21.8% 21.6% 21.4%
Almandine 71.7% 74.4% 74.0% 74.0% 74.1% 74.0% 73.8% 73.6%
Spessartine 3.6% 2.0% 2.0% 2.0% 2.2% 1.9% 2.0% 2.0%
Grossular 3.5% 3.0% 2.6% 2.5% 2.4% 2.3% 2.5% 3.0%
Position (microns) 5749 0 120 240 360 481 601 721
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Rock 987201 987201 987201 987201 987201 987201 987201 987201
Grain A A A A A A A A
Pt# 8 9 10 11 12 13 14 15
SiO2 39.09 38.10 37.96 37.66 37.78 37.50 37.57 37.94
Al2O3 20.7 21.4 21.4 21.3 21.2 21.2 21.3 21.4
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cr2O3 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
FeO 33.0 33.4 33.1 33.2 32.9 33.1 33.4 33.5
MnO 0.9 1.0 0.9 1.0 0.9 0.9 0.9 1.0
MgO 5.2 5.4 5.4 5.4 5.4 5.3 5.3 5.5
CaO 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.1
Total 100.0 100.5 99.9 99.7 99.5 99.2 99.7 100.4
X(mm) 29.183 29.073 28.964 28.854 28.745 28.635 28.526 28.416
Y(mm) 31.565 31.516 31.466 31.416 31.366 31.317 31.267 31.217
Date 3/31/03 3/31/03 3/31/03 3/31/03 3/31/03 3/31/03 3/31/03 3/31/03
Si  3.09 3.00 3.01 3.00 3.01 3.00 2.99 3.00
Al  1.92 1.99 2.00 1.99 1.99 2.00 2.00 1.99
Ti  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 2.18 2.20 2.19 2.21 2.19 2.22 2.22 2.21
Mn2+ 0.057 0.065 0.062 0.065 0.059 0.062 0.063 0.064
Mg  0.61 0.63 0.63 0.64 0.64 0.63 0.63 0.65
Ca  0.10 0.10 0.10 0.10 0.11 0.10 0.10 0.09
Pyrope 20.7% 21.1% 21.2% 21.2% 21.4% 20.9% 20.9% 21.6%
Almandine 74.0% 73.4% 73.3% 73.2% 73.1% 73.7% 73.7% 73.2%
Spessartine 1.9% 2.2% 2.1% 2.2% 2.0% 2.0% 2.1% 2.1%
Grossular 3.3% 3.3% 3.4% 3.4% 3.6% 3.3% 3.3% 3.1%
Position (microns) 841 962 1082 1203 1322 1443 1563 1684
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Rock 987201 987201 987201 987201 987201 HR02-12 HR02-12 HR02-12
Grain A A A A A 1 1 1
Pt# 16 17 18 19 20 1 2 3
SiO2 37.70 38.39 37.77 38.16 37.40 37.92 37.94 38.11
Al2O3 21.4 21.4 21.4 21.4 21.2 21.5 21.7 21.7
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cr2O3 0.0 0.0 0.0 0.1 0.1 0.0 0.1 0.0
FeO 33.6 33.1 33.5 33.3 33.8 29.8 29.6 29.9
MnO 1.0 0.9 1.0 0.9 1.0 1.0 1.0 1.0
MgO 5.6 5.7 5.5 5.4 5.1 6.9 7.2 7.4
CaO 0.9 0.8 0.9 0.9 1.0 2.0 2.0 1.7
Total 100.3 100.2 100.0 100.1 99.5 99.2 99.5 99.8
X(mm) 28.307 28.197 28.088 27.978 27.869 32.456 32.366 32.276
Y(mm) 31.168 31.118 31.068 31.019 30.969 73.28 73.28 73.28
Date 3/31/03 3/31/03 3/31/03 3/31/03 3/31/03 3/31/03 3/31/03 3/31/03
Si  2.98 3.02 2.99 3.02 2.99 2.99 2.98 2.98
Al  2.00 1.98 2.00 1.99 2.00 2.00 2.01 2.01
Ti  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr  0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Fe2+ 2.22 2.18 2.22 2.20 2.26 1.97 1.94 1.96
Mn2+ 0.066 0.063 0.066 0.060 0.067 0.069 0.068 0.065
Mg  0.66 0.66 0.65 0.63 0.60 0.81 0.84 0.86
Ca  0.07 0.07 0.08 0.08 0.08 0.17 0.17 0.14
Pyrope 21.9% 22.3% 21.7% 21.3% 20.1% 26.8% 27.8% 28.6%
Almandine 73.4% 73.3% 73.6% 74.0% 74.9% 65.3% 64.3% 64.7%
Spessartine 2.2% 2.1% 2.2% 2.0% 2.2% 2.3% 2.2% 2.1%
Grossular 2.5% 2.3% 2.6% 2.6% 2.8% 5.7% 5.6% 4.6%
Position (microns) 1803 1924 2044 2164 2284 0 90 180
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Rock HR02-12 HR02-12 HR02-12 HR02-12 HR02-12 HR02-12 HR02-12 HR02-12
Grain 1 1 1 1 1 1 1 1
Pt# 4 5 6 7 8 9 10 11
SiO2 37.97 38.72 38.17 38.35 38.41 38.23 46.90 38.00
Al2O3 21.7 21.7 21.5 21.6 21.8 21.8 18.4 21.5
TiO2 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.0
Cr2O3 0.0 0.0 0.1 0.0 0.0 0.0 0.1 0.1
FeO 29.7 29.7 29.5 29.4 29.5 29.4 25.9 29.3
MnO 0.9 0.9 0.9 0.9 0.9 0.9 0.7 0.9
MgO 7.3 7.4 7.4 7.4 7.6 7.3 6.4 7.3
CaO 1.7 1.9 1.9 1.8 1.7 1.7 1.6 1.8
Total 99.3 100.4 99.5 99.7 99.9 99.3 100.0 98.9
X(mm) 32.186 32.095 32.005 31.915 31.825 31.735 31.645 31.554
Y(mm) 73.28 73.28 73.28 73.28 73.28 73.28 73.28 73.28
Date 3/31/03 3/31/03 3/31/03 3/31/03 3/31/03 3/31/03 3/31/03 3/31/03
Si  2.99 3.01 2.99 3.00 3.00 3.00 3.52 3.00
Al  2.01 1.98 1.99 1.99 2.00 2.01 1.63 2.00
Ti  0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Cr  0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Fe2+ 1.95 1.93 1.94 1.92 1.93 1.93 1.63 1.93
Mn2+ 0.063 0.061 0.062 0.059 0.062 0.060 0.047 0.059
Mg  0.86 0.86 0.86 0.87 0.88 0.85 0.71 0.86
Ca  0.14 0.16 0.16 0.15 0.14 0.14 0.13 0.15
Pyrope 28.4% 28.6% 28.5% 28.8% 29.2% 28.6% 28.4% 28.7%
Almandine 64.7% 64.1% 64.2% 64.1% 64.1% 64.6% 64.7% 64.3%
Spessartine 2.1% 2.0% 2.0% 2.0% 2.1% 2.0% 1.9% 2.0%
Grossular 4.8% 5.3% 5.2% 5.1% 4.7% 4.8% 5.0% 5.0%
Position (microns) 270 361 451 541 631 721 811 902
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Rock HR02-12 HR02-12 HR02-12 HR02-12 HR02-12 HR02-12 HR02-12 HR02-12
Grain 1 1 1 1 1 1 1 1
Pt# 12 13 14 15 16 17 18 19
SiO2 37.97 38.14 37.94 38.40 38.22 38.11 38.10 38.16
Al2O3 21.6 21.5 21.7 21.5 21.4 21.4 21.6 21.5
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cr2O3 0.0 0.1 0.0 0.1 0.1 0.0 0.0 0.1
FeO 29.2 29.6 28.6 28.8 29.2 28.6 28.9 29.9
MnO 1.0 1.0 0.8 0.9 0.9 0.9 0.8 1.0
MgO 7.4 7.4 7.4 7.2 7.2 7.4 7.3 7.4
CaO 1.8 1.8 1.9 1.9 2.0 2.0 1.8 1.6
Total 99.0 99.5 98.4 98.8 99.0 98.4 98.5 99.6
X(mm) 31.464 31.374 31.284 31.194 31.104 31.013 30.923 30.833
Y(mm) 73.28 73.28 73.28 73.28 73.28 73.28 73.28 73.28
Date 3/31/03 3/31/03 3/31/03 3/31/03 3/31/03 3/31/03 3/31/03 3/31/03
Si  2.99 2.99 3.00 3.02 3.01 3.01 3.01 2.99
Al  2.00 1.99 2.02 1.99 1.99 1.99 2.00 1.99
Ti  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr  0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.01
Fe2+ 1.92 1.94 1.89 1.90 1.92 1.89 1.91 1.96
Mn2+ 0.066 0.065 0.056 0.062 0.061 0.058 0.055 0.064
Mg  0.87 0.86 0.88 0.85 0.85 0.87 0.86 0.87
Ca  0.15 0.15 0.16 0.16 0.17 0.17 0.15 0.14
Pyrope 28.9% 28.6% 29.4% 28.6% 28.3% 29.2% 28.9% 28.6%
Almandine 63.9% 64.3% 63.4% 63.9% 64.2% 63.3% 64.1% 64.7%
Spessartine 2.2% 2.1% 1.9% 2.1% 2.0% 1.9% 1.8% 2.1%
Grossular 5.1% 5.0% 5.4% 5.4% 5.5% 5.6% 5.2% 4.6%
Position (microns) 992 1082 1172 1262 1352 1443 1533 1623
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Rock HR02-12 HR02-12 HR02-12 HR02-12 HP81-177 HP81-177 HP81-177 HR02-17
Grain 1 1 1 1 1 1 1 1
Pt# 20 21 22 23 5 (core) 6 (rim) 7 (rim) 2
SiO2 37.58 38.06 36.95 37.35 36.52 36.70 36.73 37.61
Al2O3 21.5 21.5 20.9 21.2 21.1 21.1 20.7 21.2
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cr2O3 0.1 0.1 0.0 0.1 0.0 0.1 0.0 0.0
FeO 29.2 29.8 29.1 31.3 30.1 30.5 30.7 34.0
MnO 0.8 1.0 1.0 1.0 2.8 2.7 2.7 0.4
MgO 7.0 6.9 6.5 5.9 2.6 2.7 2.7 4.4
CaO 1.7 1.8 1.8 1.9 6.6 6.5 6.7 2.4
Total 97.9 99.1 96.1 98.7 99.7 100.2 100.3 100.2
X(mm) 30.743 30.653 30.563 30.472 N/A N/A N/A 64.78
Y(mm) 73.28 73.28 73.28 73.28 N/A N/A N/A 63.284
Date 3/31/03 3/31/03 3/31/03 3/31/03 N/A N/A N/A 4/15/03
Si  2.99 3.00 3.01 2.99 2.95 2.95 2.95 2.99
Al  2.02 2.00 2.00 2.00 2.01 2.00 1.96 1.99
Ti  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 1.95 1.97 1.98 2.09 2.03 2.05 2.06 2.27
Mn2+ 0.057 0.064 0.066 0.069 0.188 0.183 0.182 0.030
Mg  0.83 0.81 0.78 0.70 0.31 0.32 0.32 0.52
Ca  0.14 0.15 0.16 0.16 0.57 0.56 0.58 0.20
Pyrope 28.0% 27.2% 26.3% 23.1% 10.0% 10.4% 10.2% 17.4%
Almandine 65.3% 65.7% 66.3% 69.3% 65.6% 65.8% 65.6% 75.0%
Spessartine 1.9% 2.1% 2.2% 2.3% 6.1% 5.9% 5.8% 1.0%
Grossular 4.8% 5.0% 5.2% 5.3% 18.3% 17.9% 18.5% 6.7%
Position (microns) 1713 1803 1893 1984 0 0 0 0
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Rock HR02-17 HR02-17 HR02-17 HR02-17 HR02-17 HR02-17 HR02-17 HR02-17
Grain 1 1 1 1 1 1 1 1
Pt# 3 4 5 6 7 8 9 10
SiO2 37.66 33.64 37.81 37.50 37.91 37.89 37.80 37.57
Al2O3 21.2 19.5 21.4 21.1 21.4 21.4 21.3 21.1
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cr2O3 0.1 0.0 0.0 0.0 0.1 0.0 0.0 0.1
FeO 34.1 33.7 34.2 34.3 34.0 34.1 34.2 34.1
MnO 0.5 0.4 0.5 0.6 0.4 0.3 0.3 0.4
MgO 4.9 4.4 5.0 5.1 5.0 4.7 4.9 4.8
CaO 1.5 1.5 1.6 1.8 2.2 2.5 2.1 2.2
Total 100.1 93.1 100.6 100.3 101.0 100.9 100.6 100.2
X(mm) 64.854 64.927 65 65.074 65.147 65.22 65.294 65.367
Y(mm) 63.237 63.189 63.142 63.094 63.047 62.999 62.952 62.904
Date 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03
Si  2.99 2.92 2.99 2.98 2.99 2.99 2.99 2.99
Al  1.99 1.99 2.00 1.98 1.99 1.99 1.98 1.98
Ti  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr  0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.01
Fe2+ 2.27 2.45 2.26 2.28 2.24 2.25 2.26 2.27
Mn2+ 0.032 0.028 0.032 0.038 0.029 0.021 0.022 0.026
Mg  0.59 0.56 0.59 0.60 0.58 0.55 0.57 0.56
Ca  0.13 0.14 0.14 0.15 0.18 0.21 0.18 0.18
Pyrope 19.4% 17.7% 19.6% 19.5% 19.2% 18.2% 18.8% 18.5%
Almandine 75.2% 77.1% 74.7% 74.2% 73.8% 74.0% 74.5% 74.6%
Spessartine 1.1% 0.9% 1.1% 1.2% 1.0% 0.7% 0.7% 0.8%
Grossular 4.3% 4.3% 4.6% 5.0% 6.0% 7.0% 5.9% 6.1%
Position (microns) 88 175 262 350 437 524 612 699
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Rock HR02-17 HR02-17 HR02-17 HR02-17 HR02-17 HR02-17 HR02-17 HR02-17
Grain 1 1 1 1 1 1 1 1
Pt# 11 12 13 15 16 17 18 20
SiO2 37.63 37.74 37.16 37.84 37.78 37.67 37.51 37.81
Al2O3 21.4 21.5 21.2 21.3 21.4 21.3 21.2 21.3
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cr2O3 0.2 0.1 0.2 0.1 0.1 0.1 0.1 0.0
FeO 34.2 34.1 33.6 34.2 34.0 33.8 34.2 34.1
MnO 0.4 0.3 0.3 0.3 0.4 0.4 0.4 0.4
MgO 4.8 4.8 4.7 4.9 4.9 4.9 4.9 4.8
CaO 2.1 2.1 2.2 2.1 2.0 2.0 2.0 2.1
Total 100.8 100.6 99.4 100.8 100.6 100.2 100.2 100.7
X(mm) 65.44 65.514 65.587 65.734 65.807 65.88 65.954 66.1
Y(mm) 62.857 62.809 62.761 62.666 62.619 62.571 62.524 62.429
Date 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03
Si  2.98 2.98 2.98 2.99 2.99 2.99 2.98 2.99
Al  1.99 2.00 2.00 1.98 1.99 1.99 1.99 1.99
Ti  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr  0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00
Fe2+ 2.26 2.25 2.25 2.26 2.25 2.25 2.27 2.26
Mn2+ 0.029 0.019 0.021 0.023 0.025 0.025 0.027 0.028
Mg  0.57 0.57 0.56 0.57 0.58 0.58 0.58 0.57
Ca  0.18 0.18 0.19 0.18 0.17 0.17 0.17 0.18
Pyrope 18.8% 18.8% 18.7% 18.9% 19.1% 19.3% 19.0% 18.8%
Almandine 74.4% 74.6% 74.4% 74.5% 74.3% 74.3% 74.5% 74.4%
Spessartine 0.9% 0.6% 0.7% 0.8% 0.8% 0.8% 0.9% 0.9%
Grossular 5.9% 6.0% 6.2% 5.8% 5.7% 5.6% 5.6% 5.9%
Position (microns) 786 874 962 1137 1224 1311 1399 1573
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Rock HR02-17 HR02-17 HR02-17 HR02-17 HR02-17 HR02-17 HR02-17 HR02-17
Grain 1 1 1 1 1 2 2 2
Pt# 21 22 23 24 25 1 2 3
SiO2 37.92 37.48 37.63 37.46 19.21 37.99 37.71 37.79
Al2O3 21.9 21.6 21.5 21.3 10.6 21.2 21.4 21.3
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cr2O3 0.0 0.0 0.0 0.0 0.1 0.0 0.1 0.0
FeO 34.2 33.7 34.5 34.6 33.0 34.9 34.1 34.7
MnO 0.4 0.3 0.4 0.5 0.4 0.3 0.4 0.4
MgO 4.9 4.8 4.8 4.6 1.8 3.6 4.7 5.0
CaO 2.2 2.2 2.0 1.7 2.0 2.2 2.1 1.5
Total 101.5 100.2 100.8 100.1 67.1 100.2 100.4 100.5
X(mm) 66.174 66.247 66.32 66.394 66.467 72.688 72.758 72.827
Y(mm) 62.381 62.334 62.286 62.239 62.191 74.12 74.168 74.215
Date 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03
Si  2.97 2.97 2.98 2.98 2.56 3.03 2.99 2.99
Al  2.02 2.02 2.00 2.00 1.66 1.99 2.00 1.98
Ti  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr  0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Fe2+ 2.24 2.24 2.28 2.30 3.68 2.32 2.26 2.30
Mn2+ 0.027 0.023 0.029 0.034 0.051 0.022 0.025 0.027
Mg  0.57 0.57 0.56 0.55 0.36 0.43 0.55 0.59
Ca  0.19 0.19 0.17 0.14 0.29 0.19 0.18 0.12
Pyrope 18.9% 18.8% 18.5% 18.1% 8.1% 14.6% 18.4% 19.3%
Almandine 74.0% 74.2% 75.0% 76.1% 84.2% 78.4% 74.9% 75.7%
Spessartine 0.9% 0.8% 1.0% 1.1% 1.2% 0.7% 0.8% 0.9%
Grossular 6.2% 6.2% 5.6% 4.7% 6.5% 6.3% 5.9% 4.1%
Position (microns) 1661 1748 1835 1923 2010 0 85 168
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Rock HR02-17 HR02-17 HR02-17 HR02-17 HR02-17 HR02-17 HR02-17 HR02-17
Grain 2 2 2 2 2 2 2 2
Pt# 4 5 6 7 8 9 10 11
SiO2 37.62 37.71 37.30 37.60 37.67 37.60 37.32 43.49
Al2O3 21.4 21.1 21.4 21.2 21.3 21.2 21.2 15.8
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cr2O3 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.1
FeO 34.2 34.4 34.5 34.0 33.8 34.0 33.8 27.1
MnO 0.4 0.4 0.5 0.4 0.4 0.4 0.3 0.3
MgO 5.0 5.0 5.0 4.9 5.0 4.9 4.8 4.7
CaO 1.5 1.6 1.7 1.8 1.9 2.0 2.1 1.3
Total 100.1 100.2 100.3 100.0 100.2 100.2 99.5 92.7
X(mm) 72.897 72.967 73.036 73.106 73.175 73.245 73.315 73.384
Y(mm) 74.263 74.31 74.358 74.405 74.453 74.5 74.548 74.595
Date 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03
Si  2.99 3.00 2.97 2.99 2.99 2.99 2.99 3.57
Al  2.01 1.98 2.00 1.99 1.99 1.98 1.99 1.53
Ti  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr  0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Fe2+ 2.27 2.28 2.29 2.26 2.25 2.26 2.26 1.86
Mn2+ 0.024 0.026 0.031 0.029 0.026 0.025 0.018 0.019
Mg  0.59 0.59 0.59 0.58 0.59 0.58 0.57 0.58
Ca  0.13 0.13 0.15 0.16 0.16 0.17 0.18 0.11
Pyrope 19.6% 19.5% 19.2% 19.3% 19.5% 19.0% 18.9% 22.4%
Almandine 75.3% 75.2% 75.0% 74.6% 74.3% 74.4% 74.5% 72.4%
Spessartine 0.8% 0.9% 1.0% 0.9% 0.9% 0.8% 0.6% 0.8%
Grossular 4.2% 4.4% 4.8% 5.1% 5.4% 5.7% 6.0% 4.4%
Position (microns) 253 338 422 506 590 674 759 843
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Rock HR02-17 HR02-17 HR02-17 HR02-17 HR02-17 HR02-17 HR02-17 HR02-17
Grain 2 2 2 2 2 2 2 2
Pt# 12 13 14 15 16 18 19 20
SiO2 37.66 37.55 37.75 37.46 37.60 37.58 37.69 38.03
Al2O3 21.3 21.1 21.4 21.4 21.5 21.3 21.3 21.5
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cr2O3 0.0 0.1 0.1 0.0 0.1 0.0 0.1 0.1
FeO 33.9 34.2 33.6 33.7 34.5 34.8 34.8 34.9
MnO 0.4 0.4 0.4 0.3 0.3 0.4 0.4 0.4
MgO 5.0 4.9 4.9 4.8 5.0 4.9 5.0 4.6
CaO 2.0 2.0 2.1 2.1 1.9 1.7 1.6 2.4
Total 100.2 100.3 100.3 99.8 101.0 100.7 100.8 101.9
X(mm) 73.454 73.524 73.593 73.663 73.732 73.872 73.941 74.011
Y(mm) 74.643 74.69 74.738 74.785 74.833 74.928 74.975 75.023
Date 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03
Si  2.99 2.99 2.99 2.98 2.97 2.98 2.98 2.98
Al  1.99 1.98 2.00 2.01 2.00 1.99 1.98 1.99
Ti  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr  0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 2.25 2.27 2.23 2.25 2.28 2.30 2.30 2.29
Mn2+ 0.026 0.026 0.030 0.023 0.022 0.024 0.028 0.024
Mg  0.59 0.58 0.58 0.57 0.59 0.58 0.59 0.54
Ca  0.17 0.17 0.18 0.18 0.16 0.15 0.13 0.20
Pyrope 19.5% 19.0% 19.1% 18.9% 19.4% 19.1% 19.4% 17.5%
Almandine 74.1% 74.5% 73.9% 74.5% 74.7% 75.4% 75.4% 75.1%
Spessartine 0.9% 0.9% 1.0% 0.8% 0.7% 0.8% 0.9% 0.8%
Grossular 5.5% 5.6% 5.9% 5.8% 5.2% 4.7% 4.3% 6.6%
Position (microns) 928 1012 1096 1180 1264 1433 1517 1602
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Rock QC02-37B QC02-37B QC02-37B QC02-37B QC02-37B QC02-37B QC02-37B QC02-37B
Grain 1 1 1 1 1 1 1 1
Pt# 2 3 4 5 7 8 9 12
SiO2 37.51 37.46 37.63 37.91 37.64 37.58 37.89 38.04
Al2O3 21.0 21.2 21.4 21.3 21.3 21.9 21.3 21.5
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cr2O3 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.1
FeO 33.5 32.7 32.7 32.6 32.0 31.5 31.7 31.6
MnO 2.0 1.8 1.9 1.8 1.8 1.7 1.6 1.6
MgO 5.0 5.4 5.7 5.9 6.4 6.2 6.3 6.8
CaO 0.9 0.8 0.9 0.9 0.9 0.9 0.9 0.9
Total 100.0 99.5 100.2 100.4 100.1 99.9 99.8 100.5
X(mm) 25.685 25.751 25.817 25.883 26.016 26.082 26.148 26.346
Y(mm) 76.532 76.5 76.468 76.436 76.372 76.34 76.307 76.211
Date 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03
Si  2.99 2.99 2.98 2.99 2.97 2.97 2.99 2.98
Al  1.98 1.99 2.00 1.98 1.99 2.04 1.99 1.98
Ti  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr  0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01
Fe2+ 2.24 2.18 2.16 2.15 2.11 2.08 2.09 2.07
Mn2+ 0.136 0.125 0.125 0.119 0.120 0.113 0.110 0.105
Mg  0.59 0.65 0.67 0.70 0.75 0.73 0.74 0.80
Ca  0.07 0.07 0.07 0.08 0.08 0.08 0.08 0.08
Pyrope 19.4% 21.4% 22.2% 22.9% 24.5% 24.4% 24.6% 26.1%
Almandine 73.7% 72.1% 71.2% 70.7% 69.0% 69.2% 69.2% 68.0%
Spessartine 4.5% 4.1% 4.1% 3.9% 3.9% 3.8% 3.6% 3.4%
Grossular 2.5% 2.4% 2.4% 2.5% 2.5% 2.6% 2.5% 2.5%
Position (microns) 0 73 147 220 368 441 515 735
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Rock QC02-37B QC02-37B QC02-37B QC02-37B QC02-37B QC02-37B QC02-37B QC02-37B
Grain 1 1 1 1 1 1 1 1
Pt# 13 14 15 16 17 18 20 22
SiO2 38.28 38.07 32.84 38.19 38.05 38.30 37.92 37.90
Al2O3 21.9 21.5 21.1 21.7 21.4 21.5 21.6 21.5
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cr2O3 0.0 0.0 0.0 0.1 0.1 0.0 0.1 0.1
FeO 32.6 31.6 28.1 31.5 31.0 31.7 31.4 31.7
MnO 1.5 1.6 1.7 1.5 1.6 1.6 1.6 1.5
MgO 6.3 6.8 5.6 6.8 6.7 6.7 6.8 6.7
CaO 0.9 0.9 0.7 1.0 0.9 1.0 0.9 0.9
Total 101.5 100.5 90.0 100.7 99.8 100.7 100.3 100.4
X(mm) 26.412 26.478 26.544 26.611 26.677 26.743 26.875 27.007
Y(mm) 76.179 76.147 76.115 76.083 76.051 76.019 75.955 75.891
Date 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03
Si  2.98 2.99 2.88 2.98 3.00 3.00 2.98 2.98
Al  2.01 1.98 2.18 2.00 1.99 1.98 2.00 1.99
Ti  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr  0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01
Fe2+ 2.12 2.08 2.06 2.06 2.04 2.08 2.06 2.08
Mn2+ 0.102 0.104 0.123 0.098 0.106 0.104 0.107 0.103
Mg  0.73 0.79 0.73 0.79 0.79 0.78 0.79 0.78
Ca  0.07 0.08 0.06 0.08 0.08 0.08 0.08 0.08
Pyrope 24.1% 25.9% 24.4% 26.1% 26.2% 25.5% 26.1% 25.7%
Almandine 70.2% 68.1% 69.3% 68.0% 67.7% 68.4% 67.8% 68.3%
Spessartine 3.4% 3.4% 4.1% 3.2% 3.5% 3.4% 3.5% 3.4%
Grossular 2.4% 2.6% 2.1% 2.6% 2.6% 2.7% 2.6% 2.6%
Position (microns) 808 882 955 1029 1102 1176 1323 1469
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Rock QC02-37B QC02-37B QC02-37B QC02-37B QC02-37B QC02-37B QC02-37B QC02-37B
Grain 1 1 1 1 1 1 1 2
Pt# 23 24 25 27 28 29 30 2
SiO2 37.98 37.88 37.49 38.65 37.45 37.51 37.73 37.02
Al2O3 21.5 21.3 21.2 21.9 21.4 21.5 21.3 21.2
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cr2O3 0.1 0.1 0.0 0.1 0.1 0.1 0.0 0.0
FeO 32.1 31.6 31.7 32.2 32.4 33.2 33.8 34.1
MnO 1.5 1.7 1.5 1.6 1.8 2.0 2.1 1.9
MgO 6.7 6.5 6.4 6.4 5.8 5.5 5.0 5.0
CaO 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
Total 100.7 100.0 99.1 101.6 99.9 100.6 100.9 100.2
X(mm) 27.073 27.139 27.205 27.338 27.404 27.47 27.536 2.102
Y(mm) 75.858 75.826 75.794 75.73 75.698 75.666 75.634 65.661
Date 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03
Si  2.98 2.99 2.99 3.00 2.97 2.97 2.99 2.96
Al  1.98 1.98 1.99 2.00 2.00 2.00 1.99 2.00
Ti  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr  0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 2.10 2.09 2.11 2.09 2.15 2.19 2.24 2.28
Mn2+ 0.102 0.111 0.102 0.105 0.123 0.133 0.141 0.130
Mg  0.78 0.76 0.76 0.74 0.69 0.65 0.59 0.59
Ca  0.08 0.08 0.07 0.08 0.08 0.08 0.07 0.07
Pyrope 25.5% 25.1% 24.9% 24.5% 22.7% 21.2% 19.5% 19.2%
Almandine 68.7% 68.7% 69.3% 69.5% 70.7% 72.0% 73.5% 74.2%
Spessartine 3.3% 3.6% 3.4% 3.5% 4.1% 4.4% 4.6% 4.2%
Grossular 2.5% 2.5% 2.4% 2.5% 2.5% 2.5% 2.4% 2.4%
Position (microns) 1543 1616 1690 1837 1911 1984 2057 0
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Rock QC02-37B QC02-37B QC02-37B QC02-37B QC02-37B QC02-37B QC02-37B QC02-37B
Grain 2 2 2 2 2 2 2 2
Pt# 4 5 7 8 9 10 11 13
SiO2 31.46 37.93 38.48 37.74 37.68 37.78 35.61 37.89
Al2O3 17.9 21.3 21.8 21.6 21.3 21.2 21.5 21.6
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cr2O3 0.0 0.1 0.0 0.1 0.0 0.0 0.0 0.0
FeO 31.4 31.1 31.3 31.6 31.5 31.4 29.6 31.4
MnO 1.4 1.6 1.6 1.5 1.6 1.5 1.4 1.6
MgO 5.5 6.9 7.0 6.9 6.9 6.8 6.4 7.1
CaO 0.8 0.9 0.9 0.9 1.0 0.9 0.9 0.9
Total 88.5 99.8 101.2 100.3 100.0 99.7 95.5 100.6
X(mm) 2.243 2.313 2.453 2.524 2.594 2.664 2.734 2.875
Y(mm) 65.548 65.491 65.378 65.321 65.264 65.208 65.151 3/5/1900
Date 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03
Si  2.88 2.99 2.99 2.97 2.97 2.99 2.93 2.97
Al  1.93 1.98 1.99 2.00 1.98 1.98 2.09 2.00
Ti  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 2.40 2.05 2.03 2.08 2.08 2.08 2.04 2.06
Mn2+ 0.112 0.107 0.107 0.099 0.108 0.097 0.100 0.109
Mg  0.75 0.81 0.81 0.80 0.81 0.80 0.78 0.83
Ca  0.08 0.08 0.07 0.08 0.08 0.08 0.08 0.08
Pyrope 22.5% 26.5% 26.8% 26.3% 26.2% 26.3% 26.1% 26.9%
Almandine 71.9% 67.5% 67.2% 68.0% 67.6% 67.9% 67.9% 67.0%
Spessartine 3.3% 3.5% 3.5% 3.2% 3.5% 3.2% 3.3% 3.5%
Grossular 2.3% 2.5% 2.4% 2.5% 2.6% 2.6% 2.7% 2.6%
Position (microns) 181 271 451 542 632 722 812 993
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Rock QC02-37B QC02-37B QC02-37B QC02-37B QC02-37B QC02-37B QC02-37B QC02-37B
Grain 2 2 2 2 2 2 2 2
Pt# 14 16 17 18 20 21 22 24
SiO2 37.69 36.87 37.80 37.78 37.92 38.59 38.10 37.80
Al2O3 21.4 21.0 21.1 21.4 21.5 22.3 21.5 21.8
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cr2O3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1
FeO 32.7 33.4 32.4 31.5 31.4 32.6 30.7 32.0
MnO 1.6 1.7 1.7 1.4 1.6 1.8 1.5 1.6
MgO 6.2 5.3 6.0 7.0 7.1 5.8 7.1 6.7
CaO 0.9 1.0 1.0 1.0 1.0 0.9 0.9 0.9
Total 100.5 99.2 100.0 100.1 100.5 102.0 99.9 100.8
X(mm) 2.945 3.086 3.156 3.226 3.367 3.437 3.507 3.648
Y(mm) 3/4/1900 3/4/1900 3/4/1900 64.754 64.641 64.584 64.527 64.414
Date 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03
Si  2.97 2.97 2.99 2.98 2.97 2.99 2.99 2.96
Al  1.99 1.99 1.97 1.98 1.98 2.03 1.99 2.01
Ti  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 2.16 2.24 2.15 2.08 2.06 2.11 2.02 2.10
Mn2+ 0.106 0.115 0.111 0.092 0.103 0.117 0.103 0.103
Mg  0.73 0.64 0.71 0.82 0.83 0.67 0.83 0.78
Ca  0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08
Pyrope 23.8% 20.7% 23.2% 26.8% 26.9% 22.6% 27.4% 25.6%
Almandine 70.3% 72.8% 70.5% 67.6% 67.0% 70.9% 66.6% 68.6%
Spessartine 3.4% 3.7% 3.6% 3.0% 3.4% 3.9% 3.4% 3.4%
Grossular 2.5% 2.7% 2.7% 2.6% 2.7% 2.6% 2.6% 2.5%
Position (microns) 1083 1264 1354 1444 1625 1715 1806 1986
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Rock QC02-37B QC02-37B QC02-37B QC02-37B QC02-37B QC02-37B QC02-37B QC02-37B
Grain 2 2 2 2 2 2 2 2
Pt# 26 27 28 29 30 31 34 35
SiO2 38.08 37.88 37.95 38.32 38.54 38.14 38.06 38.18
Al2O3 21.5 21.4 21.4 21.4 22.3 21.5 21.6 21.7
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cr2O3 0.0 0.1 0.0 0.1 0.1 0.0 0.0 0.0
FeO 32.3 30.9 30.8 31.1 31.5 31.3 31.0 31.3
MnO 1.8 1.5 1.5 1.5 1.5 1.6 1.5 1.4
MgO 6.3 7.1 7.3 7.2 7.1 7.2 7.2 7.1
CaO 0.9 0.9 1.0 1.0 0.9 1.0 1.0 1.0
Total 100.9 99.9 99.9 100.7 102.0 100.6 100.4 100.7
X(mm) 3.788 3.858 3.929 3.999 4.069 4.139 4.35 4.42
Y(mm) 64.301 64.244 64.187 64.131 64.074 64.017 63.847 63.79
Date 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03 4/15/03
Si  2.98 2.98 2.98 2.99 2.97 2.98 2.98 2.98
Al  1.99 1.98 1.98 1.97 2.02 1.98 1.99 1.99
Ti  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 2.12 2.03 2.03 2.03 2.03 2.04 2.03 2.04
Mn2+ 0.116 0.101 0.098 0.102 0.100 0.103 0.100 0.092
Mg  0.74 0.84 0.85 0.84 0.81 0.84 0.83 0.83
Ca  0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08
Pyrope 24.2% 27.4% 27.8% 27.5% 26.9% 27.3% 27.4% 27.3%
Almandine 69.4% 66.7% 66.3% 66.5% 67.2% 66.7% 66.7% 67.1%
Spessartine 3.8% 3.3% 3.2% 3.3% 3.3% 3.4% 3.3% 3.0%
Grossular 2.5% 2.6% 2.7% 2.6% 2.6% 2.7% 2.6% 2.6%
Position (microns) 2166 2256 2347 2437 2527 2618 2889 2979
131
Rock QC02-37B QC02-37B QC02-37B QC02-37B QC02-37B
Grain 2 2 2 2 2
Pt# 38 39 41 42 47
SiO2 35.69 38.02 37.92 38.17 37.65
Al2O3 20.5 21.4 21.3 21.4 21.4
TiO2 0.0 0.1 0.0 0.0 0.0
Cr2O3 0.0 0.1 0.1 0.1 0.1
FeO 30.0 31.4 31.3 31.6 32.3
MnO 1.5 1.6 1.6 1.5 1.7
MgO 6.6 7.1 7.1 6.9 6.5
CaO 1.0 1.0 0.9 0.9 0.9
Total 95.2 100.6 100.2 100.6 100.5
X(mm) 4.631 4.701 4.842 4.912 5.263
Y(mm) 63.62 63.564 63.45 63.394 63.11
Date 4/16/03 4/16/03 4/16/03 4/16/03 4/16/03
Si  2.96 2.98 2.98 2.99 2.97
Al  2.00 1.98 1.97 1.97 1.98
Ti  0.00 0.00 0.00 0.00 0.00
Cr  0.00 0.01 0.01 0.00 0.01
Fe2+ 2.08 2.05 2.05 2.07 2.13
Mn2+ 0.102 0.105 0.110 0.101 0.113
Mg  0.82 0.82 0.83 0.80 0.76
Ca  0.09 0.08 0.08 0.08 0.07
Pyrope 26.5% 26.9% 27.0% 26.3% 24.8%
Almandine 67.4% 67.0% 66.9% 67.8% 69.2%
Spessartine 3.3% 3.4% 3.6% 3.3% 3.7%
Grossular 2.8% 2.7% 2.5% 2.6% 2.4%
Position (microns) 3250 3339 3521 3610 4062
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Sample HR02-12 HR02-12 HR02-12 HR02-12 HR02-12 HR02-17
Point 5 7 8 10 11 16
SiO2 36.84 36.66 34.81 36.20 35.70 34.18
TiO2 1.77 1.89 1.44 2.23 2.05 1.85
Al2O3 17.827 17.965 18.156 17.583 17.403 18.527
Cr2O3 0.008 0.033 0.016 0.058 0.165 0.13
FeO   15.926 16.328 17.324 15.841 15.757 23.677
MnO   0.018 0.045 0.054 0.016 0.02 0.009
MgO   14.232 13.897 14.121 13.806 14.202 10.86
CaO   0.031 0.026 0.07 0.027 0 0.088
BaO   0.008 0.023 0 0 0 0.121
Na2O 0.056 0.074 0.05 0.072 0.129 0.126
K2O 9.56 9.34 7.67 9.32 9.01 8.26
F     0.073 0.13 0.109 0.088 0.053 0.042
Cl    0.034 0.034 0.031 0.063 0.043 0
Total 96.378 96.45 93.846 95.303 94.531 97.875
Si  5.454 5.434 5.300 5.425 5.391 5.165
Al(iv) 2.546 2.566 2.7 2.575 2.609 2.835
Al(vi) 0.564 0.571 0.558 0.531 0.489 0.465
Ti  0.197 0.211 0.164 0.252 0.233 0.211
Cr  0.001 0.004 0.002 0.007 0.02 0.015
Fe2+ 1.972 2.024 2.206 1.986 1.99 2.992
Mn2+ 0.002 0.006 0.007 0.002 0.003 0.001
Mg  3.141 3.07 3.205 3.085 3.197 2.446
iv total 5.877 5.886 6.142 5.863 5.932 6.13
Ca  0.005 0.004 0.011 0.004 0 0.014
Ba  0.000 0.001 0.000 0.000 0.000 0.007
Na  0.016 0.021 0.015 0.021 0.038 0.037
K   1.806 1.766 1.49 1.782 1.736 1.592
Alk total 1.827 1.792 1.516 1.807 1.774 1.65
F   0.034 0.061 0.053 0.042 0.025 0.02
Cl  0.009 0.009 0.008 0.016 0.011 0
Mg/Mg+Fe(tot) 0.614 0.603 0.592 0.608 0.616 0.450
APPENDIX B:  BIOTITE ANALYSIS RESULTS
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Sample HR02-17 HR02-17 HR02-17 QC02-02 QC02-02 QC02-02
Point 18 19 21 3 5 6
SiO2  34.29 34.80 33.75 34.13 34.30 34.65
TiO2  2.41 2.71 1.71 1.88 1.83 1.51
Al2O3 18.071 17.35 18.315 18.31 18.13 18.4
Cr2O3 0.228 0.008 0.041 0.2254 0.1846 0.1403
FeO   22.195 21.856 21.263 20.01 18.72 17.91
MnO   0.058 0.091 0.065 0.0565 0.0243 0.0597
MgO   10.149 9.823 11.865 10.8 10.56 12.09
CaO   0 0.054 0.069 0.0023 0.0376 0.0292
BaO   0.123 0.067 0.122 0.2456 0.2188 0.1697
Na2O  0.05 0.056 0.085 0.142 0.1358 0.1412
K2O   9.13 9.44 7.76 9.07 9.25 9.19
F     0.102 0.097 0.071 0 0 0.0252
Cl    0.054 0.172 0.149 0.0648 0.0656 0.0693
Total 96.859 96.52 95.261 94.95 93.46 94.38
Si  5.236 5.335 5.186 5.264 5.344 5.315
Al(iv) 2.764 2.665 2.814 2.7358 2.6559 2.6846
Al(vi) 0.488 0.469 0.502 0.5926 0.6733 0.6421
Ti  0.276 0.312 0.198 0.2186 0.2146 0.1741
Cr  0.028 0.001 0.005 0.0275 0.0227 0.017
Fe2+ 2.834 2.802 2.732 2.5811 2.4392 2.2977
Mn2+ 0.008 0.012 0.008 0.0074 0.0032 0.0078
Mg  2.31 2.245 2.718 2.4833 2.4528 2.7648
iv total 5.944 5.841 6.163 5.9105 5.8058 5.9035
Ca  0 0.009 0.011 0.0004 0.0063 0.0048
Ba  0.007 0.004 0.007 0.015 0.013 0.010
Na  0.015 0.017 0.025 0.0425 0.041 0.042
K   1.778 1.846 1.521 1.7847 1.8386 1.7985
Alk total 1.8 1.876 1.564 1.8424 1.8993 1.8555
F   0.049 0.047 0.035 0 0 0.0122
Cl  0.014 0.045 0.039 0.0169 0.0173 0.018
Mg/Mg+Fe(tot) 0.449 0.445 0.499 0.490 0.501 0.546
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Sample QC02-02 QC02-02 QC02-02 QC02-02 QC02-02 QC02-02
Point 1 2 10 11 15 21
SiO2  34.75 34.81 35.38 34.73 34.65 35.30
TiO2  1.55 1.64 1.95 1.76 1.55 1.61
Al2O3 18.17 18.29 18.24 18.29 18.76 18.57
Cr2O3 0.1441 0.1299 0.1906 0.2575 0.1877 0.1172
FeO   17.57 17.78 17.54 17.78 17.4 17.32
MnO   0.0326 0.0407 0.0027 0.0055 0.0602 0.0302
MgO   12.21 12.03 11.71 11.82 11.7 12.4
CaO   0.0208 0.0264 0.0331 0.0157 0.0097 0.0019
BaO   0.215 0.1932 0.1503 0.2217 0.1677 0.1895
Na2O  0.174 0.2175 0.1677 0.166 0.1008 0.137
K2O   9.08 9.12 9.18 9.18 9.37 9.13
F     0.0173 0 0 0.0204 0 0.0027
Cl    0.076 0.08 0.0809 0.0783 0.0585 0.0648
Total 94 94.35 94.63 94.33 94.01 94.87
Si  5.342 5.335 5.390 5.330 5.323 5.355
Al(iv) 2.6579 2.6649 2.6099 2.6704 2.6771 2.645
Al(vi) 0.6341 0.6389 0.6652 0.6375 0.7194 0.6751
Ti  0.1788 0.189 0.2235 0.2031 0.179 0.184
Cr  0.0175 0.0157 0.023 0.0312 0.0228 0.0141
Fe2+ 2.2588 2.2789 2.2347 2.2818 2.2354 2.1973
Mn2+ 0.0042 0.0053 0.0003 0.0007 0.0078 0.0039
Mg  2.7982 2.7486 2.6595 2.7041 2.6794 2.8043
iv total 5.8916 5.8764 5.8062 5.8584 5.8438 5.8787
Ca  0.0034 0.0043 0.0054 0.0026 0.0016 0.0003
Ba  0.013 0.012 0.009 0.013 0.010 0.011
Na  0.0519 0.0646 0.0495 0.0494 0.03 0.0403
K   1.7807 1.7832 1.7842 1.7972 1.8363 1.7669
Alk total 1.849 1.8637 1.8481 1.8625 1.878 1.8188
F   0.0084 0 0 0.0099 0 0.0013
Cl  0.0198 0.0208 0.0209 0.0204 0.0152 0.0167
Mg/Mg+Fe(tot) 0.553 0.547 0.543 0.542 0.545 0.561
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Sample QC02-37B QC02-37B QC02-37B QC02-37B QC02-37B
Point 1 4 5 1 2
SiO2  34.70 35.29 34.57 35.54 34.35
TiO2  2.04 2.15 2.05 2.25 1.64
Al2O3 17.53 17.58 17.49 17.73 18.39
Cr2O3 0.1323 0.0795 0.1757 0.0401 0.1763
FeO   18.69 17.7 18.19 17.06 17.56
MnO   0.0384 0.0409 0.082 0.0593 0.054
MgO   11.31 11.12 11.51 11.46 13.66
CaO   0.1122 0.0148 0.0136 0.0163 0.0471
BaO   0.1951 0.2164 0.2568 0.1958 0.1684
Na2O  0.2089 0.0645 0.144 0.1655 0.0892
K2O   9.08 9.86 9.69 9.38 8.17
F     0 0.0226 0.0086 0.0222 0.0288
Cl    0.0897 0.105 0.1121 0.1121 0.0934
Total 94.13 94.24 94.28 94.03 94.43
Si  5.364 5.435 5.348 5.449 5.234
Al(iv) 2.6362 2.5651 2.6525 2.5511 2.7662
Al(vi) 0.5574 0.6258 0.5361 0.6526 0.5362
Ti  0.2366 0.2487 0.2382 0.2593 0.1874
Cr  0.0162 0.0097 0.0215 0.0049 0.0212
Fe2+ 2.4161 2.2797 2.3531 2.1874 2.2375
Mn2+ 0.005 0.0053 0.0107 0.0077 0.007
Mg  2.6063 2.553 2.6542 2.6193 3.1027
iv total 5.8376 5.7222 5.8138 5.7312 6.092
Ca  0.0186 0.0024 0.0023 0.0027 0.0077
Ba  0.012 0.013 0.016 0.012 0.010
Na  0.0626 0.0193 0.0432 0.0492 0.0264
K   1.7906 1.9372 1.9122 1.8346 1.5881
Alk total 1.8836 1.972 1.9733 1.8983 1.6323
F   0 0.011 0.0042 0.0108 0.0139
Cl  0.0235 0.0274 0.0294 0.0291 0.0241
Mg/Mg+Fe(tot) 0.519 0.528 0.530 0.545 0.581
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Sample QC02-37B QC02-37B QC02-37B QC02-39 QC02-39
Point 3 5 6 3 1
SiO2  35.37 35.81 35.35 35.74 34.89
TiO2  2.02 2.35 2.16 1.93 2.21
Al2O3 17.93 17.57 17.74 18.37 18.52
Cr2O3 0.227 0.0869 0.1705 0.2615 0.2721
FeO   17.21 17.27 17.15 16.71 17.48
MnO   0.0412 0.1056 0.1057 0.0284 0.0597
MgO   12.09 11.61 11.74 12.48 12.53
CaO   0.0332 0.0153 0.0208 0.0023 0.01
BaO   0.2348 0.2154 0.2586 0.3115 0.2727
Na2O  0.0481 0.111 0.0945 0.1904 0.1074
K2O   9.77 9.68 9.47 9.33 8.31
F     0.0219 0.0195 0.058 0.0597 0.0892
Cl    0.0938 0.0983 0.099 0.0515 0.0588
Total 95.09 94.92 94.42 95.48 94.81
Si  5.381 5.451 5.412 5.384 5.293
Al(iv) 2.6187 2.5493 2.5883 2.6157 2.7075
Al(vi) 0.5964 0.6026 0.6125 0.646 0.6035
Ti  0.231 0.2685 0.2491 0.2186 0.2517
Cr  0.0273 0.0105 0.0206 0.0311 0.0326
Fe2+ 2.1897 2.1984 2.1957 2.1053 2.2175
Mn2+ 0.0053 0.0136 0.0137 0.0036 0.0077
Mg  2.7421 2.6345 2.6793 2.8029 2.8335
iv total 5.7918 5.7281 5.7709 5.8075 5.9465
Ca  0.0054 0.0025 0.0034 0.0004 0.0016
Ba  0.014 0.013 0.016 0.018 0.016
Na  0.0142 0.0328 0.028 0.0556 0.0316
K   1.8963 1.8797 1.8495 1.7932 1.6081
Alk total 1.9299 1.9278 1.8964 1.8676 1.6575
F   0.0105 0.0094 0.0281 0.0284 0.0428
Cl  0.0242 0.0254 0.0257 0.0131 0.0151
Mg/Mg+Fe(tot) 0.556 0.545 0.550 0.571 0.561
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Sample QC02-39 QC02-39
Point 5 9
SiO2  34.78 35.00
TiO2  2.15 1.89
Al2O3 18.14 18.4
Cr2O3 0.1211 0.2123
FeO   17.19 17.03
MnO   0.0415 0.0104
MgO   11.88 11.87
CaO   0.0208 0.0198
BaO   0.2165 0.2281
Na2O  0.1325 0.1933
K2O   9.31 9.24
F     0 0.1313
Cl    0.0833 0.0651
Total 94.06 94.29
Si  5.340 5.356
Al(iv) 2.6603 2.6436
Al(vi) 0.622 0.6752
Ti  0.2479 0.217
Cr  0.0147 0.0257
Fe2+ 2.2071 2.1796
Mn2+ 0.0054 0.0013
Mg  2.719 2.7081
iv total 5.8161 5.8069
Ca  0.0034 0.0032
Ba  0.013 0.014
Na  0.0394 0.0574
K   1.8234 1.804
Alk total 1.8792 1.8783
F   0 0.0635
Cl  0.0217 0.0169
Mg/Mg+Fe(tot) 0.552 0.554
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HP82-65 Sillimanite Analysis
Pt Position (micrometers) Si Al Fe Cr
1 0.0 0.987 1.998 3891 1115
2 7.5 0.985 2.002 3890 425
3 15.0 0.993 1.994 3998 279
4 22.5 0.985 2.005 3388 97
5 30.0 0.985 2.004 3674 0
6 37.5 0.988 2.002 3502 0
7 45.0 0.986 2.005 3160 0
8 52.5 0.985 2.005 3154 47
9 60.0 0.985 2.006 3264 19
10 67.5 0.988 2.002 3365 0
11 75.0 0.986 2.004 3535 0
12 82.5 0.985 2.006 3247 22
13 90.0 0.987 2.003 3409 62
14 97.5 0.988 2.003 3092 46
15 105.0 0.981 2.008 3474 0
16 112.5 0.982 2.008 3258 43
17 120.0 0.987 2.004 3244 25
18 127.5 0.982 2.008 3363 84
19 135.0 0.979 2.010 3485 101
20 142.5 0.983 2.007 3184 43
21 150.0 0.983 2.007 3218 102
22 157.5 0.982 2.008 3464 19
23 165.0 0.982 2.007 3355 177
24 172.5 0.984 2.004 3607 255
25 180.0 0.984 2.004 4010 233
26 187.5 0.984 2.003 3960 340
27 195.0 0.978 2.009 4445 251
28 202.5 0.990 1.992 5649 272
APPENDIX C:  SILLIMANITE ANALYSIS DATA
Major Cations Trace Elements
Stoichiometric Abundance ppm
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QC82-2 Sillimanite traverse
Pt Position (micrometers) Si Al Fe Cr
1 0 0.996 1.991 3423 999
2 3 0.994 1.994 3618 460
3 6 0.995 1.993 3666 247
4 9 0.996 1.990 3825 662
5 12 0.997 1.990 3838 621
6 15 0.997 1.990 3727 684
7 18 0.997 1.989 3831 884
8 21 0.994 1.993 3772 610
9 24 1.004 1.984 3759 418
10 27 1.002 1.985 3677 694
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Major Cations Trace Elements
Stoichiometric Abundance ppm
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